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Non amplification and amplification strategy are used to detect target analyte DNA 
in sensing process. Non amplification method involves single redox label and in case 
of amplification two redox labels at fairly optimal concentration are coupled to 
achieve high electrochemical signal output. Electrochemical signal amplification 
strategy coupled in DNA biosensor can be exploited to lower limit of detection of 
target analyte e.g. DNA. Electrochemical signal amplification is achieved by 
coupling two redox moiety ferrocene (Fc) and ferrocyanide species in reaction 
medium. An electrochemically amplified molecular beacon (EAMB) biosensor is 
constructed using thiolated hairpin DNA-ferrocene probes on gold electrode utilizing 
electrochemical signal amplification strategy. The switching from “on” to “off” 
states of individual molecular beacon probes in the presence of complementary DNA 
target influences the electrode potential, besides the current, owing to changes in 
surface density of the electroactive hairpin DNA-ferrocene probes.  The EAMB 
biosensor demonstrates linear range over 8 orders of magnitude with ultrasensitive 
detection limit of 2.3 x 10
-14 
M for the quantification of a 21-mer DNA sequence.  Its 
applicability has been tested against PCR amplicons derived from genomic DNA of 
live Legionella pneumophila. Excellent specificity down to one and three nucleotides 
mismatches in another strain of L. pneumophila and a different bacterium species, 
respectively, has also been achieved. 
In non amplification method, nanoporous alumina membrane based electrochemical 
DNA biosensors demonstrate fairly convincing sensitivity and low limit of detection.  
An electrochemical nanoporous alumina membrane-based label free DNA biosensor 
is developed for detection of target DNA strands of  Legionella sp using 5'-aminated 
DNA probes immobilized into the nanochannels of alumina. Alumina nanoporous 
xvi 
 
membrane-like structure is carved over platinum wire electrode of 76 μm diameter 
dimension by electrochemical anodization. The hybridization of complementary 
target DNA with probe DNA molecules attached inside the nanochannels influences 
the pore size and ionic conductivity. Electrochemical measurements are carried out 
using CV, DPV and EIS techniques to understand mechanistic aspects of flow of 
redox species through nanochannels corresponding to successive binding of 
complementary analyte with probe molecules. Among all these electrochemical 
measurements, DPV is used for calibration plot against increasing analyte 
concentration because of its high sensitivity and minimal charging effect during 
electrochemical signal acquisition. Electrochemical biosensing signal is derived from 
only redox species Fe(CN)6
4- 
across single wire Pt electrode. The biosensor sensing 





which is sensitive towards the hybridization of 
complementary target with probe DNA immobilized into the alumina nanochannels. 
The biosensor demonstrates wide linear range over 7 orders of magnitude with 
ultrasensitive detection limit 3.132 ×10
-13
 M for the quantification of ss 21 mer DNA 
sequence and selectively differentiates the complementary sequence from target 
sequences with single base mismatch (MM1) and triple bases mismatch (MM3) of 
different strain of Legionella sp. Its applicability has been also challenged against 
PCR amplicons sample derived from genomic DNA of Legionella pneumophila 
using asymmetric PCR method. 
Furthermore taking ahead the same strategy, nanoporous alumina membrane based 
DNA biosensor has also been extended to detect ultrasensitive cDNA of (DENV) 
dengue virus RNA covering analytical and reproducibility aspects in details. In this 
case also the biosensor demonstrates linear range over 6 orders of magnitude with 
xvii 
 
ultrasensitive detection limit of 9.55×10
-12 
M for the quantification of ss-31 mer 
target cDNA sequence of DENV. This nanoporous alumina membrane based 
biosensor shows excellent specificity down to one nucleotide mismatch in target 
DNA sample of DENV3 and  its usefulness has been also tested against cDNA PCR 
amplicons sample derived from dengue virus serotype1 genomic RNA using  






















                                   CHAPTER 1 
 Introduction and Literature Review 
 
1.1 Biosensors     
Biosensor is an analytical device made up of a combination of specific biological 
element and transducer element to derive quantitative signal corresponding to 
selective recognition event. In biosensors biologically derived recognition entity is 
coupled to transducers, to allow the quantitative development of some complex 
biochemical parameters [1]. Biosensors incorporate a deliberate and intimate 
combination of a specific biological element (that recognises target analyte) and a 
physical element that transduces the recognition event into a measurable physical 
change.  Bio element may be an enzyme, antibody, microbial, living cells, tissues, 
polysaccharide, nucleic acid (RNA, DNA) and sensor element includes electronic 
current, electrical potential, intensity and phase of electromagnetic radiations, mass, 
conductance, impedance, temperature and viscosity. 
The “bio” and “sensor” element can be coupled together in one of the four possible 
ways such as membrane entrapment, physical adsorption, matrix entrapment and 
covalent bonding.  A specific bio element recognizes a specific analyte and the 
sensor element transduces the change in the bioelement into corresponding specific 
signal. Bio element is very specific to target analyte and it does not bind to other non 
complementary analytes. Therefore depending on various combinations of bio 
element (recognition element) and transducer (sensor element), biosensors can be of 
different types such as resonant biosensor, optical detection, thermal detection, ion 
sensitive, electrochemical biosensor etc. Among electrochemical biosensors based on 
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measurement of various parameters e.g. conductance, current, potential and 
impedance, these can be further classified as conductimetric, amperometric, 
potentiometric and impedimetric respectively. 
1.1.1 Resonant Biosensors  
In these biosensors, an optical resonant waveguide is used as transducers. By 
changing the refractive index or thickness of a resonant waveguide grating, its 
resonant frequency can be tuned. Thus this unique property is exploited to develop 
biosensor as immobilization of selective recognition element (bio element) and its 
subsequent binding with complementary analyte can be probed in real time without 
use of electrochemical or fluorescence tags by monitoring the corresponding 
resonance wavelength shift with a spectrometer. Binding rate between 
complementary and probe can be quantified apart from its binding cycle, dissociation 
and regeneration cycle. Even a small change in the refractive indices of the 
surrounding media or in any of the optical waveguide grating layers can be 
measured.  This resonant sensing technology is broadly applicable to medical 
diagnostics, drug development, industrial process control, genomics, environmental 
monitoring and homeland security [2].  Optical sensors based on surface plasmon 
resonance, waveguide mode and free-space waveguide resonant grating optical filter 
have attracted growing attention because of its high sensitivity and simplicity [3]. In 
surface plasmon resonance, electromagnetic waves guided along the boundary of two 
media with different dielectric constants are called evanescent waves; and the electric 
field of an evanescent wave penetrates into the adjacent media, decaying 
exponentially with distance from the interface. If one of the two media is a dielectric 
and the other is a metal, these evanescent waves are called surface plasmon waves or 
surface plasmon oscillations.  These Surface plasmon waves can be resonantly 
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excited by internally reflected p-polarized light. A bunch of plane monochromatic 
polarized light is irradiated to the glass-to-metal interface in the range of incidence 
angle to occur total internal reflection. When wave vector of the incident light 
matches the electron oscillation frequency of the metal membrane surface, it results 
into resonance. SPR sensor system consists of optical system, sensor system and the 
detection system. When the complementary analyte binds to the probe immobilized 
on the sensing surface, it changes the refractive index and followed by changing 
resonance wavelength. Thus intensity of the reflected light and position of the 
resonance absorption peak is monitored. The SPR technique has been also applied to 
the real-time and label-free detection of DNA hybridization and single point 
mutations.  The SPR sensor can be used successfully to discriminate normal and 
mutant sequences with a quite low limit of detection (~nM level).  SPR sensor offers 
promising advantages of high detection sensitivity; real-time detection, anti 
interference capability, uses samples without pre-treatment, rapid, high-throughput 
analysis, less reagents and samples [4]. Despite all these advantages, the surface 
plasmon resonance technology has some limitations of not enough sensitivity for 
some specific applications (where pM-fM or single-molecule detection are needed) 
and low multiplexing capabilities. However this bio sensing technology has 
limitation in excluding signal variation resulting from nonspecific binding between 
probe and analyte [5]. 
1.1.2 Optical detection biosensors 
Optical detection biosensors involve coupling of optical transducer with bio 
elements. The bio recognition event is recorded in optical transduction method as 
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a non destructive manner. High selectivity is conferred into optical detection 
biosensors by the number of available radiation wavelengths. The optical property 
utilized utmost in optical detection biosensors include absorbance, fluorescence and 
phosphorescence [6]. In case of optical detection biosensors, commonly used bio 
elements are antibodies to develop optical immunobiosensors. Conventional 
fluorophore labels are used for optical detection measurements [7].   S. Tyagi and 
Fred R. Kramer have used fluorescence molecular beacon DNA probe that fluoresce 
upon complementary hybridization [8, 9]. In this method, DNA molecular beacon 
probe is tagged with fluorophore 5’-(2’-aminoethyl) aminonaphthalene-1- sulfonic 
acid (EDANS) and quencher molecule 4-(4’-dimethylaminophenylazo) benzoic acid 
(DABCYL) at both the termini.  In absence of complementary target, when ultra 
violet light is irradiated into the sample, the energy received by the fluorophore is 
transferred to the quencher molecule and energy is dissipated as heat rather than light 
emission. While in presence of complementary target molecule, the molecular 
beacon probe forms a double stranded hybrid with complementary resulting into 
spontaneous conformational change into molecular beacon structure forcing stem 
sequences to move far apart from each other. Thus fluorophore and quencher 
molecule move away due course of selective hybridization and the fluorophore 
shows fluorescence when UV light is irradiated. Fluorescence based molecular 
beacon biosensors can be used for the detection of specific nucleic acids (25 µM) in 
homogeneous assay and also in living cells. This kind of biosensors comes under 
category of turn on signal biosensor after selective molecular recognition event. This 
biosensor development involves tedious multistep synthetic and separation steps, the 
molecular recognition event also relies on the use of UV light for signal recording 
that limits the use of on-site applicability of fluorescence based molecular beacon 
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biosensors.  Benoit Dubertret et al have used 1.4 nm diameter gold nanoparticles that 
can advantageously replace 4-(4’-dimethylaminophenylazo) benzoic acid 
(DABCYL) as a quencher of fluorescence [10]. As these AuNPs quench 
fluorescence as much as 100 times better and have higher quenching efficiency for 
dyes emitting near the infrared region. Hui Du et al have demonstrated surface 
immobilization of fluorescence molecular beacon probe on gold surface for sequence 
specific DNA detection using epi-fluorescence confocal microscopy. In this 
fluorescence based molecular beacon biosensor, rhodamine dye is used as a 
fluorophore and in the absence of complementary target gold surface itself quench 
the  fluorophore and no signal is generated. Addition of the target sequence leads to 
unfolding of fluorophore tagged molecular beacon and concomitant duplex 
formation, resulting into signal generation [11]. 
1.1.3 Thermal -detection biosensors 
Thermal detection biosensors are based on the principle of calorimetry. These are 
constructed coupling enzymes with temperature sensors. When the analyte comes in 
contact with the enzyme, the heat liberated or consumed during enzyme reaction is 
measured and is calibrated against the analyte concentration [1]. Measurement of 
heat reaction of enzyme coupled on thermistors is utilized for developing thermal 
detection biosensors. The thermal detection biosensors are constructed using 
thermally insulated column over that desired enzyme is immobilized. When analyte 
substrate flows through this column, increase in temperature is observed due to 
enzyme reaction with the analyte substrate. The increase in temperature due course 
of analyte detection is monitored by thermistors and is related to analyte 
concentration. Several configuration of glucose biosensor has been reported using 
thermal transduction mechanism.  Carlsson T. et al have designed thermal enzyme 
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sensor to detect semi continuous glucose in whole blood at the patient’s bedside [12]. 
In another example, Xie B. et al have determined glucose in whole blood with a 
linear response of 0.5± 20 mmol/l using a micro-column packed with controlled pore 
glass. Herein, glucose oxidase and catalase enzymes are covalently immobilized to 
degrade the hydrogen peroxide and to amplify the thermal output [13]. There are 
various clinically relevant analytes for e.g. ascorbic acid using ascorbate oxidase 
enzyme, cholesterol using cholesterol oxidase/catalase enzyme, creatinine using 
creatinine iminohydrolase enzyme,  ethanol using alcohol oxidase/catalase enzyme, 
lactate using lactate oxidase/catalase enzyme, penicillin using lactamase enzyme, 
triglycerols using lipoprotein lipase enzyme, urea using urease enzyme and uric acid 
using uricase enzyme those can be detected based on thermal detection biosensing 
mechanism. Thermal detection biosensors show limit of detection in mM/l range 
while analysis of clinically relevant compound is necessary even up to lower level of 
detection with large sample analysis window. 
1.1.4 Piezoelectric transduction Biosensors 
Piezoelectric transduction biosensors are based on the principle of monitoring change 
in mass at a sensing surface using a piezoelectric crystal or an acoustic wave device. 
Piezoelectric transducers offer several advantages including solid state construction, 
chemical inertness, durability, low cost, mass production and no use of any label to 
monitor the mass reaction, over many chemical sensors. There are various 
piezoelectric crystals for e.g. lithium niobate, zinc oxide, gallium arsenide and 
potassium sodium tartrate (Rochelle salt). However, quartz crystal is most commonly 
used due to its chemical stability in aqueous solution and resistance to high 
temperature.  Distortion of a quartz plate in a defined direction leads to generation of 
electrical potential between the two deformed surfaces. The quartz crystal distorts 
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and vibrates with an oscillating voltage when voltage is applied. The natural 
vibration frequency of the crystal can be related to its mass. Thus, immobilization of 
bio-element (molecular recognition element) on the surface of the crystal and its 
successive binding with analyte can be detected by a change in natural or resonant 
frequency of the crystal. The frequency change in the piezoelectric crystal is 
monitored corresponding to mass change. Yokoyama K. et al have demonstrated 
highly sensitive quartz crystal immunosensor for detection of atrazine herbicides 
using competitive immunoreaction with a protein-labelled herbicide [14]. 
Piezoelectric biosensors shows fairly low limit of detection (0.001ng/ml), however 
the main limitations of piezoelectric transduction biosensors are non-specific 
adsorption and only high molecular- weight analytes can be usually measured 
directly. Low molecular weight analytes generally do not generate sufficient change 
in mass at the surface unless pre tagged with a high-mass structure. Muramatsu et al. 
have developed immunogravimetric microbial assay for detection of Candida 
albicans using piezoelectric transduction mechanism [15]. 
1.1.5 Electrochemical biosensors 
The basic principle of electrochemical biosensor is that many chemical reactions 
produce or consume ions or electrons which in turn cause some change in the 
electrical properties of the solution which can be sensed out and used as measuring 
parameter [1]. The electrochemical biosensors can be classified based on measuring 
electrical parameters such as conductance, current, potential, impedance, charge etc. 
The voltages at which these reactions occur indicate a particular reaction and 
particular species. Electrochemical biosensor provides an analytical platform to 
detect samples of bio molecules at quantitative and qualitative scale. Electrochemical 
biosensor is comprised of two elements; recognition elements and electrochemical 
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transducer element coupled to each other. Basically, in an electrochemical biosensor, 
its recognition element recognises selectively the marker or target analyte molecule 
of interest and transducer element translates selective recognition event into 
measurable electrical signal like conductivity, resistance, potential and impedance. 
These electrochemically derived signals relate to the concentration of the target 
analyte. So fabrication of transducer material and effective functionalization of 
recognition element are important areas of attention to improvise sensor technology 
for reliable forensic and clinical applications. Electrochemical biosensors offer good 
possibilities for highly sensitive and quantitative detection of analytes e.g.  bio 
molecule, DNA, bacteria, antigen, antibody etc. Electrochemical biosensing platform 
involves less time in analysis compared to conventional methods and requires low 
power and has high compatibility with advance micromachining technologies. 
1.1.5.1 Amperometric Biosensors 
Amperometric biosensors show steady state current response as a function of analyte 
target concentration. As amperometry is a dynamic process in which electron flow at 
an inert electrode is recorded, typically while maintaining a constant applied 
potential to drive the direction of electron flow to or from the redox molecule. Thus 
in case of amperometric biosensors potential is kept constant which avoids oxidation 
of interferents and corresponding undesirable current contribution. In amperometric 
biosensors oxidoreductase enzymes are immobilized on electrode, in the presence of 
corresponding analyte the enzyme catalyzes production of redox species and 
observed current parameter is measured.  Senel, M. and  Cevik, E. have 
demonstrated amperometric hydrogen peroxide biosensor based on pyrrole-PAMAM 
dendrimer modified gold electrode exploiting horseradish peroxidase (HRP) [16]. 
This method relies on using enzyme based polymer coated gold electrode for 
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detection of H2O2 at sub mM range.  Iveković, D. et al have used electrode modified 
with prussian blue for  developing amperometric uric acid biosensor based on urate 
oxidase, employing  H2O2 transducers [17]. This biosensor shows a linear response 
towards uric acid concentration from range of 2.5 to 200µM and detection limit of 
0.65μM. Senel, M. and Cevdet Nergiz have developed amperometric glucose 
biosensor based on covalent immobilization of glucose oxidase enzyme on 
conducting polymer based poly-(pyrrole propylic acid) and Au nanocomposite. This 
nanocomposite based biosensor shows high reproducible sensitivity, along with 
response time 2 s, linear dynamic range from 1 to 18 mM and limit of detection of 
0.05 mM. As nanocomposite of conducting polymer and Au provide more surface 
area for covalent immobilization of glucose oxidase enzyme [18]. Zhiqiang Gao & 
Natalia Tansil have applied amperometric method to detect target DNA at lower 
concentrations utilizing electro catalytic oxidation of amine by a threading 
intercalator N,N’-bis[(3-propyl)-imidazole]-1,4,5,8-naphthalene diimide (PIND) 
imidazole complexed with Ru(bpy)2Cl (PIND-Ru, bpy = 2,2-bipyridine)[19]. PIND-
Ru selectively intercalates to double-stranded DNA (ds-DNA) and became 
immobilized on the biosensor surface. In presence of amine-containing medium 
along with Tris-HCl buffer, a remarkable improvement in the voltammetric response 
and noticeable enhancements of voltammetric and amperometric sensitivities are 
observed due to the electrocatalytic activity of the [Ru(bpy)2Cl] redox moieties. As 
can be seen that the catalytic current, observed in amperometric detection  at 0.65 V, 
is proportional to the target DNA concentration in the range of 2.0 pM to1.0 nM and 
a detection limit of 1.5 pM is observed. Zhang Lan Yong et al have demonstrated 





polymer (PAA-PVI-Os) as a redox mediator and horseradish peroxidase (HRP) as a 
catalytic label in presence of H2O2 [20] .  
1.1.5.2 Potentiometric Biosensors 
Potentiometric biosensors are based on principle of Nernst equation  
                          E= E
0
 + RT/ zF ln am                                   Eqn   (1.1) 
Where E is the electromotive force, E
0
 is the electrode standard potential, R the gas 
constant, T the absolute temperature, z the ion charge, F the Faraday constant and am 
the activity of the measured ion mz. When an ion-selective electrode is immersed into 
an analyte ion solution this leads to change in surface potential and at near-zero 
current flow, ion-selective electrode provides a route to detect the ionic product. 
Thus the change of potential is proportional to the logarithm of ion activity, if other 
cell potentials of the overall electrochemical cell remain constant. Ion sensitive 






 and pH based on the principle of 
potentiometry. Yagiuda K et al have developed enzyme-based ion-selective electrode 
to detect urea via ammonium or bicarbonate ion production [21]. There are some 
practical limitations as electrical shielding is critical and the absence of a zero 
potential as a set baseline makes two point calibration obligatory for clinical 
applications of potentiometric device. The field effect transistor (FET) based 
biosensors constitute another group of potentiometric sensors. In ion selective FET 
based device, voltage variation is detected with minimal current drain. A surface 
potential is generated in the metal gate region by surface ions from a solution. This 
locally generated potential then modulates the current flow. Enzyme can be 
immobilized in a membrane over an ISFET to develop enFET biosensors for 
corresponding enzyme substrate. Pijanowska D. G.  et al have immobilized urease on 
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a pH sensitive FET to develop enFET for detection of urea [22]. Tsuruta H et al have 
used enzyme-linked immunosorbent assay (ELISA) with a pH-sensitive FET system 
to detect antigens including α-fetoprotein, carcino embryonic antigen and hepatitis B 
virus surface antigen [23].  The FET based sensors have been found useful in their 
robustness, small size and much reduced electrical interference while using, 
however, difficulty prevails in  forming an ion-responsive membrane over the gate 
region, drift of the FET, lack of selectivity and difficulty in making a stable, 
miniaturized reference electrode. All these limitations have hindered the commercial 
product development. 
1.1.5.3 Impedimetric Biosensors   
Electrochemical impedance biosensors are based on measurement of charge transfer 
resistance value or impedance following selective molecular recognition event. The 
impedance value changes with the function of interfacial modification of electrodic 
surface. This unique property is extended for developing impedance based biosensors 
where subsequent binding of analyte molecules with probe molecules immobilized 
on the electrode surface influences significantly electrical parameter charge transfer 
resistance. Yi-Tao Long et al have demonstrated highly sensitive electrochemical 
impedimetric DNA biosensor for detection of even single nucleotide mismatches 
[24]. In this method EIS was used to study the electrochemical behaviour of probe ss 
DNA attached on gold electrode surface and its subsequent binding with 
complementary DNA resulting in duplex formation. EIS method remained useful in 
detection of even single nucleotide mismatches. Ying Xu et al have shown 
impedance based molecular beacon DNA biosensor utilizing thionine as charge 
neutralizer [25]. Herein, the molecular beacon probe was immobilized on the gold 
electrode surface by thiol bond and this surface modification decreases charge 
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transfer resistance value. In this impedance based molecular beacon DNA biosensor, 
thionine charge neutralizer was used to intercalate into double strand DNA resulting 
after successful complementary binding event and charges along the DNA backbone 
are neutralized. Resistance of redox species to access the electrode surface for 
electrochemical communication decreased after intercalation with charge neutralizer. 
Thus decreased value of charge transfer resistance due to thionine intercalating agent 
into dsDNA are employed as the hybridization signal. These EIS based biosensors 
give quantitative numeric value of electrical parameters after equivalent circuit 
modelling and fitting of the experimental data of frequency scans. Despite all these 
advantages, EIS technique requires tedious handling and modelling of experimental 
frequency scan data.  
1.1.5.4 Capacitance Biosensors 
Capacitance biosensors utilize measurement of capacitance corresponding to 
selective molecular recognition event. In biological assay, capacitance measurement 
has received increasing attention because of label free detection and simple 
instrumentation. Immobilization of bio-elements on the electrodic surfaces often 
alters dielectric property because of changes in conformation and charge distribution. 
Capacitance sensors measure the change in dielectric properties when an analyte 
binds to probe molecules immobilized on the electrodic structures.  Bongkeun Kang 
et al have demonstrated capacitance sensor based on an anodized aluminium oxide 
(AAO) nanoporous structure to detect DNA hybridization [26]. This method relies 
on utilizing Au film deposited on the surface of the AAO membrane and Au 
nanowires infiltrating the nanopores as the top and bottom electrodes, respectively. 
In presence of complementary target DNA molecules, the probe DNA molecules 
immobilized on AAO based capacitance sensor bind to target DNA molecules and 
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corresponding to this selective molecular recognition event, decrease in capacitance 
is recorded.  This capacitance biosensor shows pM level of detection of analyte and 
demonstrates single nucleotide polymorphism (SNP) level of sensitivity. Thus, this 
biosensor can selectively discriminate one base mismatch DNA molecules, as the 
addition of one base mismatch DNA molecules results into no significant change in 
capacitance, in contrast to complementary target DNA molecules. A linear 
relationship is observed between the capacitance change and DNA concentration on 
a semi-logarithmic scale.  Despite all these advantages, developing high sensitivity 
capacitance biosensors involves advanced lithography and lift off techniques.  
1.1.5.5 Conductimetric Biosensors 
In conductimetric biosensors, measured parameter is the electrical conductance or 
resistance of the solution. Electrochemical reactions produce ions or electrons and 
contribute to the overall change in conductivity or resistivity of the solution. 
Conductivity measurement involves measurements of the ionic concentration and 
mobility in a solution. Any chemical, electrochemical or enzymatic reactions that 
bring net change into the concentration of ionized species causes change in solution 
conductivity. This unique attribute of these reactions are exploited for developing 
conductimetric sensor. Thompson J C et al have demonstrated conductimetric 
immunoassay biosensor for detection of hCG at detection limit of 30 pmol/l in blood 
serum [27].  Various conductimetric assays have been reported to detect glucose [28] 
and urea [21].  However conductance measurement offers relatively low sensitivity 
and sometime conductivity measurements are difficult in clinical sample of high 





1.2 Electrochemical DNA Sensors 
Methods for the identification of specific nucleic acid sequences have attracted great 
interest because of the urgent needs to identify and study disease-causing microbes 
contaminated sources including water and food, besides human diseases owing to 
gene variations [29-31].  The discovery of the genomic sequences of pathogens and 
human has been very useful in understanding the genetic disease causing factors. The 
sequence specific detection of nucleic acids has been widely used in clinical 
diagnosis of inherited genetic diseases, the study of pathogens and their associated 
diseases. Among the various types of genetic diseases caused by alteration in DNA 
sequence, the most challenging is the detection of single nucleotide polymorphism 
besides identification of closely related sub-types of pathogens. A single-nucleotide 
polymorphism is a DNA sequence variation of a single nucleotide, A, T, C or G, in 
the genome of different members of a biological species or paired chromosomes in 
an individual species. Therefore the detection of mismatched nucleic acid sequences 
plays an important role in molecular diagnostics of genetic diseases for early stage 
treatment and monitoring.  The detection strategy of nucleic acid sequences requires 
very high specificity and sensitivity because of bio-chemical and physical properties 
of DNA and sometimes silent single mutation of genetic sequences may not lead to 
changes in the biochemical products, amino acids.  However, the monitoring of these 
changes in genetic sequences is quite necessary for the understanding of bio-
molecular genetics expression pathways and for diagnostics purposes [32-37].  
Current methods in accurate DNA detection rely on polymerase chain reactions 
(PCR) which require tedious quality control and meticulous handling of biological 
sample to reduce chances of observing false positive results due to unwanted 
amplification of nucleic acid contaminants. Thus, conventional laboratory tests using 
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PCR have to deal with tedious sample preparation steps, particularly for low DNA 




 M).   
In contrast, non-PCR based DNA detection methods require minimal sample 
preparation step for analyte detection and yet have achieved very low detection 
limits.  One method for the rapid identification of specific nucleic acid sequences 
uses direct specific probe-target hybridization. When coupled to techniques such as 
piezoelectric [38] and surface plasmon resonance [39], complementary binding of 
target to surface bound nucleic acids are especially useful because of minimal sample 
preparation steps. However, these lab-based methods cannot be readily applied at 
sources of contamination or points-of-care because of bulky equipment and need for 
stringent laboratory environment. In contrast, electrochemical DNA biosensors have 
attracted considerable attention because of simple instrumentation, low cost, 
portability and fast response time, in addition to high specificity and sensitivity 
which are highly attractive for such on-site analyses [40-42], with potential for 
applications in molecular sensing devices [43]. Electrochemical sensors offer elegant 
routes for interfacing at the molecular level, biological recognition events and 
electronic signal transduction processes. These electrochemical devices can be 
uniquely customised for meeting the size, cost, low volume, and power requirements, 
thus offer great promise for a wide range of biomedical or environmental 
applications [44-46].  A variety of electrochemical bio sensing schemes can be used 
together with nanoscale materials to improve the sensitivity and specificity of 
diagnostic tools as well as miniaturizing these devices for onsite applications. Thus 
utilization of nanoscale materials has achieved significant research interest in 
electrochemical sensing devices because of the unique physical, chemical properties 
and electron transport properties.  In addition, the large surface area-to-volume ratios 
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of nanoscale materials offer enhanced surface areas for the immobilization of (bio-
element) probe molecules where the loading amounts of probe molecules are 
important parameter to improve the sensitivity and performance of the sensors.  
Several excellent reviews have discussed the development of DNA biosensors using 
nanomaterials, which continue to advance the capability in DNA identification and 
profiling.  However, the principal obstacles in these nanomaterials-based DNA 
sensors to achieve significantly high signal-to-noise levels for small sample volumes 
of few µL and low concentrations of few picomolars to attomolar concentrations of 
DNAs with minimal sample preparation steps remain a significant challenge.  To 
overcome these obstacles, reliable amplification strategies are needed.  This chapter 
focuses on nucleic acid sensors using electrochemically amplified signals coupled to 
the specific DNA hybridization events.  Instrumentation methods may be able to 
achieve similar and higher levels of amplification, but present a more costly 
approach that is less suitable for field use and in addition, these methods are not 
readily deployable and accessible during epidemic events. In contrast, 
electrochemical amplification strategies are important towards the miniaturization of 
sensors and promises significantly rapid, low cost and reliable diagnostic advantages 
over current PCR based methodologies for short (<30 bases) specific sequence 
identification, with tremendous development potential towards field applications.   
 
1.2.1 Electrochemical amplification strategies 
Electrochemical DNA biosensors have many advantages in comparison to other 
biosensing technologies. Electrochemistry based technology does not use hazardous 
radioactive labels that are required in traditional hybridization-based isotopic 
detection methods such as southern blot (DNA blot). Apart from this, 
17 
 
electrochemical methods offer higher specificity than label-free methods (e.g., 
surface plasmon resonance or piezoelectric) and electro-active (redox) labels are 
relatively stable and usually insensitive to photo-bleaching in contrast to fluorescent 
labels [47]. In general, high sensitivity and advanced electrochemical DNA 
biosensors (based on nanomaterials and signal amplification strategy) comprise the 
following three components: (i) a solid electrode that can be made of either a metal, a 
non-metal, or nanoscale materials, (ii) capture DNA probes that are immobilized on 
the electrode surface, in the channels or pores of nanoscale materials via physical 
absorption, self-assembly or covalent conjugation and (iii) an amplification strategy 
upon binding of DNA target to DNA probe. To achieve ultrahigh sensitivity, various 
electrochemical amplification strategies have been utilised.  These include electro-
active labels that intercalate to the hybridized dsDNA, thus greatly amplify the single 
binding event to oxidation or reduction signal derived from several hundred 
molecules of the intercalating agent.   Another commonly utilized strategy is the use 
of (primary and secondary) reporter DNA probe.  These reporter DNA probes can be 
oxidized or reduced at the electrode where these probes are attached to in close 
proximity distance and at same time coupled to an excess amount of solution redox 
species such as FeCN6
4-
 acting as an ‘unlimited’ source of electron donor or 
acceptor. For primary reporter DNA probes, these are capture DNA probes 
functionalized with redox labels that switch ‘on’ or ‘off’ depending on the 
differences in the configurations of the capture single stranded (ss)-DNA probe and 
double stranded (ds)-DNA before and after hybridisation.  
To magnify the differences between the switch ‘on’ and ‘off’ signals, hairpin ssDNA 
probes that give large conformation changes upon hybridization are utilized in these 
electrochemical ‘molecular beacons’.  Theoretically, the maximum amplification 
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factor can be readily evaluated for primary reporter probes coupled to 
electrochemical amplification using the ratio between the potential sweep peak 















        (1.2) 
 
where D is the diffusion coefficient of the redox probe, C is the bulk concentration of 
amplifying redox species such as Fe(CN)6
4-, ν  is the scan rate and   is the surface 
coverage of reporter probe such as hairpin DNA-ferrocene and rest of the parameters 
have their usual meanings [48]. 
The maximum amplified current signal ip, amplified is derived from maximum mass 
transfer flux of the amplifying redox species moving towards the electrode, where 
the redox exchange occurs between the diffusing redox species and the reporter 
probe [49].   This assumes the current signal is not limited by mediation efficiency of 
this exchange reaction nor the redox turnover of reporter probe at the electrode 
maintained at a sufficiently oxidizing (or reducing) potential. The unamplified 
current signal can be calculated from the peak current of the reporter probe at the 
electrode surface in the absence of any solution redox species, which is intimately 
dependent on the surface coverage of the reporter probe. 
However, under the optimized experimental conditions, the experimental maximum 
amplification factor may differ significantly from the theoretical amplification factor.  
The origin of this disparity has been explained by poor mediation efficiency or 
insufficient amount of amplifying redox species Fe(CN)6
4-
 to support the fast 
mediation and rapid turnover of surface reporter probe [49]. 
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For secondary reporter DNA probes, a sandwich approach is used involving the 
DNA capture and reporter probes being complementary to different regions and often 
at opposite ends of the DNA target. Amplification of signals derived from the 
secondary reporter probe is usually not carried out in the same way as the primary 
reporter probe via redox mediation between the reporter probe and excess solution 
redox reagent.  This is due to the usual large distance (> 10 nm) between the 
secondary reporter probe and the electrode surface which prevents efficient electron 
transfer and the imprecise positioning of the secondary probe upon binding to a 
surface captured flexible DNA target thus gives rise to poor signal reproducibility.   
Instead, a more reliable amplification method is via a catalytic reaction that produces 
multiple copies of redox or conductive species using a catalytic reporter probe. 
Another strategy is using probes loaded with large quantity of redox species that can 
be released upon the addition of reagents that disrupt the entrapped species from the 
probes such as polystyrene spheres. Thus, an amplified signal derived from 
electrochemical reaction of these redox species at the neighbouring electrode surface 
can be achieved.  The amplification factor using this approach can be readily 
evaluated from the amount of redox species entrapped within each probe where a 
factor of 1000 and above, is not uncommon.  It is also possible to replace redox 
probe with oxidoreductase enzyme, followed by enzyme or co-enzyme reaction that 
utilizes/produces redox active reagents.  Unlike the amplification strategy using 
redox cycling in primary reporter probes where the amplification factor can be 
somewhat controlled by the amount of redox species added into the solution, the 
amplification factor in the catalytic or enzymatic approach however, cannot be 
defined.  Instead, the amount of amplification increases with time and therefore, 
measurements need to be carried out under strict time controlled conditions.   
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Thirdly, an indirect amplification method uses solution redox probes added to the 
background electrolyte functions as initial amplified background signals that 
decrease upon DNA hybridization events. This can occur for DNA probe attached to 
walls of nanopores and nanochannels, which upon hybridization of DNA targets; 
causes reduced mass transfer of the solution redox species. This is unlike the 
passivation of a DNA-coated planar solid electrode surface which upon binding of 
target to its surface attached DNA probe, is ineffective to block out diffusing redox 
species. Within a single nanopore or nanochannel, several DNA targets can bind 
along its length and can effectively reduce the electrochemical signal derived from 
the background diffusing redox species.   
For example, the theoretical maximum electrochemical current derived from an 
electrode placed at one end of a nanochannel, while the other end is immersed in a 
solution of 5 mM Fe(CN)6
4-




nFADi         (1.3) 
where l is the length of nanochannels and the rest of parameters are same as eqn. 









, the theoretical electrochemical current is 
~2 picoA.  With an estimated 10
8
 nanochannels in a nanoporous membrane, the 
maximum current can reach as high as 0.2 mA.  Thus an initial high background 
current can be derived from 5 mM of redox species and this current signal can be 
‘de-amplified’ from sub mA to picoA, a level readily detectable using conventional 
galvanostat.  If each nanochannel can be blocked by one thousand DNA molecules, 
then the theoretical detection limit is expected to lie in the range of 10
-20
 mols or  
10
-15
 M for a solution sample volume of 10 L. 
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1.2.2 Intercalation reagents 
Millan and Mikkelsen first reported the use of exogenous, redox-active label that 
preferentially intercalates to dsDNA to detect DNA hybridization by electrochemical 
method [50]. Barton et al. have developed electrochemical DNA sensor based on 
DNA mediated charge transport electrochemistry. This electrochemical assaying 
involves the electrocatalytic reduction of ferricyanide by methylene blue intercalated 
at the top of the DNA film [51]. In this  electrocatalytic process, current flows 
through the well-stacked DNA to reduce methylene blue (MB
+
) intercalated near the 
top of the film, to leucomethylene blue (LB) and LB goes on to reduce ferricyanide 
in solution, thereby regenerating MB
+
 catalytically, leading to an amplification of the 
hybridization signal [52]. Subsequently, other intercalating reagents are found 
suitable for the amplification of signals derived from DNA sensors.  Jiang et al. 
developed label-free electrochemical DNA sensor using ferrocene-containing 
cationic polythiophene and protein nucleic acid (PNA) probes on nanogold modified 
electrodes. This method utilizes nanogold modified electrode to increase ssPNA 
capture probe loading and also subsequently contributes to increase in electrical 
signal. The ferrocene-containing cationic polythiophene do not interact 
electrostatically with the PNA probes due to the absence of anionic phosphate groups 
on the PNA probes. While, in the case of the hybridization event between a DNA 
target and a PNA probe, cationic polythiophene becomes intercalated onto the DNA 
backbone, giving a clearly amplified hybridization signal during differential pulse 
voltammetry [53]. 
Han et al. have used PNA probe and water-soluble branched polyethyleneimine–
cobalt (III)–phenanthroline indicator in electrochemically amplified DNA detection. 
This indicator does not bind to PNA alone, while in the case of hybridization, it 
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strongly interacts via electrostatic interactions, with the negatively charged backbone 
of the complementary DNA bound to the PNA probe. Thus selective hybridization 
event in the presence of redox intercalator can be translated into electrochemical 
signal using DPV [54].  Gao et al. have demonstrated an amperometric DNA sensor 
using the redox-active PIND-[Os(bpy)2Cl]
+
 intercalator which shows excellent 
catalytic properties towards the oxidation of ascorbic acid[55]. Thus the combination 
of the selective incorporation of the intercalator in dsDNA and the highly efficient 
electrocatalysis provides an increase in sensitivity of 2500-fold over direct 
voltammetry for the ultrasensitive detection of nonlabel DNA with a detection limit 
of 600 fM (1.5 amol).  
However, the hybridization indicators often cause high background signals resulting 
from their nonspecific binding to unhybridized DNA. Consequently, to overcome 
this limitation, sandwich-based assays using the secondary reporter strategy are 
developed that utilize an exogenous, redox-labelled reporter DNA probe designed 
specifically to complement the over- hanged segment of the DNA target from the 
capture probe. In this strategy, the electrode loaded with capture probes is incubated 
with samples containing DNA target, as well as a reporter DNA, that causes the 
generation of specific electrochemical current signals at a specific potential 
corresponding to the reduction or oxidation of the intercalated exogenous redox label 
[56].  To overcome this poor specificity problem encountered during electrochemical 
amplification using intercalating reagents, another strategy is to reduce the 
background non-specific signals. Chai et al. have demonstrated electrochemical 
DNA sensor utilizing exonuclease I (Exo I) and biobarcode nanoparticles system to 
suppress the background current, following signal amplification by the biobarcode 
NPs with dramatic enhancement in the signal-to-noise ratio and a significant 
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improvement in selectivity. This method relies on utilizing the bio-barcode 




 in the 
vicinity of the sensing surface, resulting in a drastically amplified current response 
and the addition of Exo I selectively cleaves the unhybridized capture probe. Thus 
the unnecessary accumulation of [Ru(NH3)6]
3+
 on the sensing surface is minimized 
by Exo I treatment and results in the suppression of the non-specific background 
noise which interferes with the electrochemically amplified signal derived from 
specific DNA hybridisation [57]. 
 
1.2.3 Primary reporter probe using electrochemical molecular beacon 
Fan et al. have demonstrated a reagentless, sensitive and selective electrochemical 
DNA biosensor (E-DNA) based on utilizing molecular beacon DNA structure as 
capturing probe tagged with redox label ferrocene [58].  This sequence specific DNA 
detection strategy relies on the reagentless transduction of the DNA hybridization 
event into a readily detectable electrochemical signal by means of a conformational 
change in the molecular beacon DNA probe structure. In this method, an 
electroactive, ferrocene-tagged DNA (stem-loop structure) molecular beacon probe 
molecules are self-assembled onto a gold electrode using facile gold-thiol chemistry. 
Selective hybridization event between the complementary DNA target and the 
molecular beacon probe causes conformational changes in the molecular beacon 
DNA probe and significantly increases the electron-transfer tunnelling distance 
between the electrode and the redox active ferrocene label. This change in electron 
transfer efficiency between the redox label of the molecular beacon probe and the 
gold electrode gives impressive detection limit of 10 pM DNA target without 
utilizing exogenous reagents and without sacrificing selectivity or reusability.  
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We have demonstrated an electrochemically amplified molecular beacon biosensor 
system which involves redox regeneration of the surface attached primary reporter 
probe tagged with ferrocene redox label, using Fe(CN)6
4-
. This ferrocene tagged 
primary reporter probe shows a significant increase in voltammetric currents in the 
presence of an optimal concentration of sacrificial redox donor species Fe(CN)6
4-
. 
This signal amplification arising from the redox cycling of ferrocene probe by the 
excess electroactive active Fe(CN)6
4- 
is utilized to lower the detection limit of 
complementary DNA up to 10
-14
 M range [48], two orders of magnitude lower than 
that achieved using molecular beacon probe alone [58]. 
Plaxco et al. have described reagentless electrochemical DNA sensor utilizing 
methylene blue redox tagged probe oligonucleotide immobilized on the electrode 
surface. This electrochemical DNA sensing system turns off the electrochemical 
signal following the complementary hybridization of the target DNA with the DNA 
probe [59] as the hybridization event reduces the electrochemical communication 
between redox tag and electrode. The electrochemical signalling in this system is 
influenced by the flexibility, length and geometry of the probe, besides the placement 
of the redox tag along the probe. 
 
1.2.4 Secondary reporter probe 
Mirkin et al. have demonstrated highly sensitive and selective DNA sensing utilizing 
an array of nanoparticle probes. This detection method is based on ‘sandwich’ assay 
and relies on the hybridization of a portion of the DNA target to DNA probe 
immobilized in a small gap between two electrodes. Reporter DNA probes labelled 
with gold nanoparticles are then hybridized to the unbound over hanged portion of 
the target, leading to the accumulation of gold in the gap. Silver metal is 
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subsequently deposited onto the gold nanoparticles to amplify the assay sensitivity 
by lowering the resistance across the electrode gap.  In the absence of DNA target, 
reporter probe molecules tagged with gold nanoparticles are not hybridized with 
target and silver is also not deposited across the gap, resulting in no significant 
modulation of the circuit resistance. This DNA detection strategy can be extended to 
produce an array of electrode pairs, with a different oligonucleotide capture strand in 
each electrode gap. DNA target at concentrations as low as 500 femtomolars with a 
point mutation selectivity factor of 100,000:1 can be achieved [60]. Wang et al. have 
reported a sandwich assay replacing the gold nanoparticles with polystyrene 
microsphere tags impregnated with ferrocenecarboxaldehyde (FCA)[61]. This 
technique involves microspheres which can hold huge number of FCA molecules 
(~1000) per microsphere. Thus the capturing of the DNA target, followed by 
subsequent chemical treatment liberates thousands of FCA molecules, which results 
in significant amplification of the electrochemical signal corresponding to the 
selective hybridization event. This amplification technique based on gold 
nanoparticles with polystyrene microsphere tags impregnated with FCA has 
demonstrated even higher detection limit of 5 × 10
-21
 moles (or ∼30,000 molecules). 
Fan et al. have reported similar electrochemically amplified detection of DNA based 
on secondary reporter probe tagged with gold nanoparticles showing limit of 
detection as low as femtomolar (zeptomoles) concentrations of DNA targets [47].  
This method involves capture probe, target probe and secondary reporter probe 
attached on gold nanoparticles AuNPs. In the presence of DNA target, the capture 
probe hybridizes with the complementary segment of the DNA target and the 
overhang strand of target hybridizes with DNA reporter probe tagged with gold 
nanoparticles. An electro active label, Ru(NH3)6
3+
 (RuHex), that bounds 
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stoichiometrically to the anionic phosphate back bone of DNA strands via 
electrostatic interaction are utilized as electrochemical signalling molecule and 
cumulative redox charge is a directly related to the amount of DNA strands proximal 
to the electrode surface. In this method inorganic gold nanoparticles were utilized as 
signal amplification element because of its high stability, low cost and labelling 
convenience. In the absence of AuNPs amplification, one capture probe only 
captures one target molecule and while AuNP-amplified DNA detection brings  
hundreds of reporter probes proximal to the electrode after hybridization resulting 
into cumulative increase of electroactive redox label  (RuHex) and significant 
increase in corresponding electrochemical signal. Willner et al. have used enzyme-
linked secondary reporter probe in electrochemical DNA sensing [62]. This method 
involves thiol thymine tagged primary probe immobilized on gold electrode and a 
DNA target strand which is half-strand complementary to the primary probe and half 
strand complementary to the secondary reporter probe tagged with horseradish 
peroxidise (HRP) enzyme. The HRP-mediated biocatalyzed electrochemical 
oxidation of 4-chloro-1-naphthol by H2O2 is monitored as the electrochemical signal 
corresponding to the selective DNA hybridization event.  
  
1.2.5 Amplification methods using nanopores and nanochannels 
Nanoporous membrane comprising uniform and regularly spaced nanopores, has 
attracted increasing recent interest as an inert template material for the fabrication of 
various electrochemical bio-sensing devices because of their high porosities and 
surface areas [63-66].  Among the nanoporous membranes, alumina membranes are 
highly suitable templates for electrochemical DNA and other biosensors because of 
their non-conductive nature thus significantly reduces background electronic noises.  
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In addition, their relatively non-adsorptive surfaces are critical towards ensuring high 
specificity in the sensor responses, particularly when applied to the analysis of 
serum, whole blood and other real samples of complex matrices.  Their unique 
salient features include tunable pore sizes, high pore uniformity, and high aspect 






.  Equally 
important, these nanoporous structures are relatively easy to carve by 
electrochemical anodization method and inexpensive in comparison to conventional 
lithographic and focused ion beam techniques.  For example, to electrochemically 
amplify signals in the nanoporous DNA sensors, Wang et al. have developed 
electrochemical DNA biosensor based on dynamic polymerase-extending 
hybridization for the detection of short DNA target of E. coli genomic DNA utilizing 
nanoporous alumina membrane as a template [67].  This method involves dynamic 
polymerase-extending (PE) DNA hybridization where the hybridization takes place 
in the presence of Taq DNA polymerase and dNTPs (deoxynucleotide triphosphates) 
under controlled reaction temperatures. The probe strand extends to the DNA target 
length and blocks the ionic flow through the pore. Thus the variation in the 
background ionic conductivity is recorded as selective hybridization signal using 
electrochemical impedance and voltammetric techniques, which shows low detection 
limit of about a few hundreds of pmol DNA. 
More recently, the indirect electrochemical amplification approach has been 
reported.  This utilizes an initially high background signal arising from either faradic 
or conductivity current, which subsequently decreases upon the binding of DNA 
target within the nanoporous structures. For example, Smirnov et al. have used 
hydrothermally shrunk alumina nanopores for the development of DNA sensors 
based on an impedance method [68].  The diffusion coefficients of ions are 
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monitored through the nanochannels of alumina membranes and after immobilization 
of the DNA probe. In the presence of DNA target, the DNA probe immobilized 
within the nanochannels hybridizes with the target and results in a significant 
increase in impedance by more than 50 %. Ivan Vlassiouk et al have demonstrated 
the label free detection and separation of the target ss DNA utilizing nanoporous 
alumina modified with DNA [69]. As nanoporous alumina is utilized as template, it 
provides increased effective surface area for probe immobilization. Thus this 
nanoporous alumina based system can be extended for development of various  ss 
DNA or RNA sensor utilizing various analytical detection techniques e.g. 
electrochemical, UV or IR absorption methods. Huo et al. have demonstrated 
nanochannel array based electrochemical label-free DNA sensor employing DNA-
morpholino hybridization complex that hinders diffusion flux of Fe(CN)6
3−
 through 
the nanochannels of a nanoporous alumina membrane because the hybridization 
leads to the formation of negatively charged DNA- morpholino complex. The 
diffusion flux of Fe(CN)6
3−
 ions passing through the membrane nanochannels is 
recorded using an Au film electrochemical detector sputtered at the end of the 
nanochannels and this label-free DNA sensing system shows  detection limit of 0.1 
nM [70].  Smirnov and Wang have used the nanoporous alumina membrane to 
develop DNA biosensor based on the morpholino neutral DNA analog which 
functions as a DNA ligand to induce surface charge changes along the membrane 
nanochannel walls. Hybridization between the complementary DNA target and the 
morpholino DNA capture probe inside the nanochannels decreases the membrane 
impedance due to the highly charged DNA target. Thus the ionic conductance 
through the nanopores at low ionic strengths increases as a result of hybridization of 
complementary DNAs [71].  
29 
 
Kumeria et al. have used nanoporous alumina based label-free reflectometric 
interference microchip biosensor (RIfS) for the detection of circulating tumor cells. 
This method involves immobilization of biotinylated anti-EpCAM antibody to the 
nanoporous alumina, which specifically binds to human cancer cells of epithelial 
origin such as pancreatic cancer cells (PANC-1). Successful binding of tumor cells 
are detected by specially designed microfluidic device incorporating an alumina 
membrane RIfS sensor, without labour intensive fluorescence labelling and pre-
enhancement process [72].  
Our group have utilized nanoporous alumina membrane with pore sizes ranging from 
20-200 nm for the detection of whole virus particle [73] and E. coli cells [74].   More 
recently, the same nanoporous alumina membrane nanobiosensor has been extended 
for the detection of ssDNA target of genomic DNA of Legionella pneumophilla [75] 
and complementary DNA (cDNA) detection of genomic DNA of dengue virus 
(DENV1) [76]. This indirect amplification method is sufficiently selective to 
distinguish between targets comprising one mismatch among the 21-mer target 
sequence and have been successfully utilized to distinguish between dengue virus 
serotypes 1 and 2 in serum samples derived from infected patients.   
 
Thus the electrochemical amplification strategies are quite useful in lowering 
detection limit of DNA analyte in biosensing system. Recent years have shown 
development of various types of highly sensitive biosensors showing low detection 
limit based on nanoporous materials and electrochemical amplification strategies. As 
the use of nanoporous materials in electrochemical biosensors have attracted 
significant attention because of its high surface area for probe immobilization and 
interesting electronic property. The nanoporous materials are quite easy to develop 
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using simple electrochemical anodization method than conventional lithography and 
focussed ion beam methods. Electrochemical amplification coupled inside the 
nanoporous materials holds huge impact on improvising biosensing technology to 
another level of ultra sensitive DNA detection. Thus DNA detection system using 
electrochemical amplification strategies and nanoporous material may contribute in 
clinical diagnostics of genetic diseases, environmental pathogens detection and 
biological security surveillance. 
 
1.3 Scope of study 
In view of the above review about DNA detection, it was found that PCR based 
methods require tedious quality control and meticulous handling of biological sample 
to reduce chances of observing false positive results due to unwanted amplification 
of contaminants. These conventional laboratory tests deal with tedious and large 
amount of sample preparation.  The overall objective of the study is to develop 
electrochemical DNA sensors for ultra sensitive DNA detection and testing its 
applicability for real time sample derived from bacterial genome using asymmetric 
PCR method. More specifically, the aims of this study are to develop DNA sensors 
based on gold electrode with electrochemical amplification, nanoporous alumina 
electrode based DNA sensor without amplification and alumina membrane based 
DNA sensor exploiting electro kinetic and fluidic property of redox species.   
The non pcr based technique of DNA detection require minimal sample preparation 
step for analyte detection and show very low detection limit. Among non pcr based 
DNA detection, the focus of the study is only based on electrochemical methods. 
Other optical, piezoelectric, SPR, fluorescence and luminescence based DNA 
detection methods require  different physical analytical instruments in itself therefore 
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sensor based on these techniques will not be covered.  The experimental findings and 
results of the above mentioned electrochemical sensors may contribute to understand 
the insight of electrochemical sensing technology. However, this method is fairly 
scientific lab based therefore more research, fabrication and optimizations are 
necessary for clinical trials. In the subsequent chapters of the thesis, analytical 
electrochemistry with electrochemical techniques, electrochemical signal 
amplification, electrochemically amplified molecular beacon biosensor, 
electrochemical nanoporous alumina membrane based DNA biosensor will be 
discussed in details along with comparative performances. Applicability of these 
electrochemical biosensors will be also discussed with emphasis on testing real time 
sample of environmental pathogens e.g. Legionella pneumphila and DENV, derived 
from asymmetric PCR method.  
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     CHAPTER 2 
Electrochemical Techniques 
2.1 Cyclic Voltammetry (CV) 
Cyclic Voltammetry (CV) is an electrochemical potentiodynamic technique to 
investigate electrolysis mechanism in an electrochemical cell and the electrochemical 
properties of an analyte in solution.  CV is carried out by ramping the potential 
across working electrode, and measuring the resulting current generated from 
electrodic reaction [1, 2].  The ramping of potential across the working electrode is 
called potential scan rate V/s. CV involves an electrochemical cell set up comprising 
of working electrode, reference electrode and counter electrode  all immersed in an 
electrolyte solution.  The potential is applied between the reference electrode and the 
working electrode and the current is measured between the working electrode and the 
counter electrode. The current at the working electrode is plotted against the applied 
voltage to obtain the cyclic voltammogram. The working electrode’s potential is 
varied linearly with time, while maintaining the potential of reference electrode 
constant. The counter electrode helps in conducting electricity from the signal source 
to the working electrode thus completing the electrochemical circuit. The electrolytic 
solution provides ionic conductivity inside the electrochemical cell solution during 
electrodic reactions i.e. oxidation and reduction.  The electrodes immersed in cell 
solution are connected to potentiostat an electronic device which utilizes dc power 
source to generate potential that can be maintained constant while allowing small 
currents to be drawn into the system without any change in the voltage. The current-
to-voltage converter measures the resulting current and the data acquisition system 














Figure 2.1 (A) Cyclic voltammetry potential waveform (B)  and Cyclic 
voltammogram of gold electrode immersed in solution of 1mM Fe(CN)6
4-
 in 1X 
PBS.    
 
Electrode Reactions   
A typical electrode reaction involves the interfacial electron transfer between an 
electrode and redox species in electrolyte solution e.g. electrolysis. In electrodic 
reaction reactants (redox species) move towards the electrode surface because of 
concentration gradient (diffusional mass transport). Electron transfer reaction 
between electrode and reactant (redox species) occurs at specific electrodic potential 
applied across electrode via quantum mechanical tunnelling. The product resulted 
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from electrodic reaction moves away from electrodic surface towards the bulk of the 
solution. 
 
Scheme 2.2 Schematic representation of the reduction of a species O in solution 
based on fermi energy diagram of metal electrode. 
 
When potential is applied across metal electrode it supplies electrical energy to the 
electron. The electrical behaviour of metals can be understood by considering the 
fermi energy level which corresponds to the highest occupied energy level of 
electrons. The fermi energy level can be altered by applying a voltage to an 
electrode. When the applied voltage across electrode is increased from low to 
medium and high, the fermi energy level increases successively [3]. When a reactant 
is about to be reduced electrochemically then its LUMO energy should be lower than 
fermi energy of metal electrode to favour this electron transfer reaction 
thermodynamically. While to favour thermodynamically electrochemical oxidation 
of reactant, the HOMO energy of reactant should by higher than the fermi level of 
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the metal electrode and the electron moves from HOMO to unoccupied energy level 
just above fermi level. However these electrochemical oxidation and reduction 
reactions also depend on the rate kinetics of the electron transfer reaction. 
Kinetics  
The rate of electron transfer is influenced by applied electrode voltage. The applied 
voltage across the electrode affects the fermi energy level changing the energy state 
of the electrons (thermodynamics) and also influences the activation energy barrier 
height (∆G‡  Gibbs free energy). Thus the rate constants of the electron transfer 
reaction (oxidation or reduction) vary as a function of the applied voltage. According 
to Bottler Volmer model, activation free energies for reduction and oxidation change 
linearly with the applied voltage.  
 
 
The current flowing in either the reductive or oxidative steps can be written using the 
following expressions 
                                                               iO = FAkoxCR                       Eqn.(2.1) 
                                                              iR = - FAkredCO                     Eqn.(2.2) 
 










iR is reduction current,  A is the electrode area, F is Faraday’s constant, the rate 
constant for the electron transfer kred  and Co is the surface concentration of O 
similarly  io is oxidation current, the rate constant for the electron transfer kox  and CR 
is the surface concentration of R. 
The electrodic reactions (oxidation and reduction) are considered to proceed via an 
energy barrier, according to the transition state theory of kinetics. Thus the rate 
constants can be written as following 
                                                               Eqn.(1.3) 
According to Buttler-Volmer model, the activation free energies for reduction and 
oxidation will vary as a function of the applied voltage as follows 
                            ∆Gred = ∆Gred(V = 0) + αFV                         Eqn.(2.4) 
 
                                       ∆Gox = ∆Gox(V = 0) − (1 − α)FV                  Eqn.(2.5) 
The parameter α is called the transfer coefficient and typically is found to have a 
value of 0.5. Physically it provides an insight into the way the transition state is 
influenced by the voltage. A value of one half means that the transition state behaves 
mid way between the reactants and products response to applied voltage. By 
substituting the activation free energy terms above into the expressions for the 
oxidation and reduction rate constants, which appears as follows 
                                   
   
   
                           Eqn.(2.6) 
 
                                
       
   




The rate constants for the electron transfer steps are proportional to the exponential 
of the applied voltage. So the rate of electrolysis can be changed simply by changing 
the applied voltage across the electrode. Thus rate constant dependence on the 
applied voltage is the fundamental basis of the experimental technique called 
voltammetry. However electron transfer kinetics is not the only controlling process 
in the electrolysis reaction, the rate of mass transport of reactant to the electrode 
surface also influences the overall reaction. For a constant electrode area (A) the 
electrolysis reaction can be controlled by the rate constant (k) and the surface 
concentration of the reactant.  If the rate constant is large enough then current will be 
controlled by the concentration of reactant moving towards electrodic interface from 
the bulk solution. Thus the mass transport of the reactant occurs by diffusion because 
of the presence of local uneven concentration of the reactants.  Entropic forces are 
the main driving force in diffusion process to reduce these uneven distributions of 
concentration of the reactants. Electrolysis reaction only occurs at the electrode 
surface thus leading to a lower reactant concentration at the electrode than in bulk 
solution and consequently a higher concentration of product near the electrode than 
further out into the bulk solution. 
The rate of movement of material by diffusion can be predicted mathematically by 
Fick’s first law 




JO is the diffusional flux (i.e. the rate of movement of material by diffusion) to the 
concentration gradient and Do is the diffusion coefficient. The negative sign simply 
signifies that material moves down a concentration gradient i. e. from regions of high 
to low concentration. 
The concentration of material varies as a function of time. 
   
  
   
    
  
                      Eqn.(2.9) 
 
In an unstirred solution, mass transport of the analyte to the electrode surface occurs 
by diffusion alone. Fick’s law for mass transfer diffusion relates the distance from 
the electrode (x), time (t), and the reactant concentration (CO) to the diffusion 
coefficient (Do). 
   
  
    
    
   
               Eqn.(2.10) 
 
In a stirred solution, a Nernst diffusion layer ~10
-2 
cm thick, lies adjacent to the 
electrode surface. Beyond this, a laminar flow region exists, followed by a turbulent 
flow region which contains the bulk solution. Because diffusion is limited to the 
narrow Nernst diffusion region, the reactant cannot diffuse into the bulk solution, and 
therefore Nernstian equilibrium is maintained and diffusion-controlled currents can 
be obtained [2, 4, 5]. In this case, Fick’s Law for mass transfer diffusion can be 
simplified to give the peak current 
            
                                          Eqn.(2.11) 
49 
 
Here, (n) is equal to the number of electrons gained in the reduction, (A) is the 
surface area of the working electrode in cm², (Do) is the diffusion coefficient, (v) is 
the scan rate, and (Co) is the molar concentration of O in the bulk solution. 
Applications 
Cyclic voltammetry can be used to study qualitative information about 
electrochemical processes under various conditions, such as the presence of 
intermediates in oxidation-reduction reactions, the reversibility of a reaction.  CV can 
also be used to determine the electron stoichiometry of a system, the diffusion 
coefficient of an analyte, and the formal reduction potential, which can be used as an 
identification tool.  In addition, as concentration is proportional to current in a 
reversible nernstian system, concentration of an unknown solution can be determined 
by generating a calibration curve of current vs. concentration. 
2.2 Differential Pulse Voltammetry 
DPV is most widely used highly sensitive electrochemical technique to investigate 
electrolysis and charge transfer kinetics, based on the difference in the rate of the 
decay of the charging and the faradic currents following a potential step (or "pulse"). 
The charging current decays exponentially, whereas the faradic current (for a 
diffusion-controlled current) decays as a function of 1/(time)
½
. Thus the rate of decay 
of the charging current is considerably faster than the decay of the faradic current. 
The Current is measured at two points for each pulse, the first point (1) just before 
the application of the pulse and the second (2) at the end of the pulse. These 
sampling points are selected to allow for the decay of the nonfaradic (charging) 
current. The difference between current measurements at these points for each pulse 
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is determined and plotted against the base potential. By sampling the current just 
before the potential is changed, the effect of the charging current can be decreased 
therefore high sensitivity is achieved in electrochemical measurements [6]. 
DPV measurement involves the same electrochemical cell set up that is commonly 
used in standard cyclic voltammetry. The potential between the working electrode 
and the reference electrode is changed as a pulse from an initial potential to an inter 
level potential and remains at the inter level potential for about 5 to 100 
milliseconds; then it changes to the final potential, which is different from the initial 
potential. Thus in this way pulse is repeated and changing the final potential and a 
constant difference is kept between the initial and the inter level potential. The value 
of the current between the working electrode and counter electrode before and after 
the pulse are sampled and their differences are plotted versus potential.  In DPV 










Figure 2.2 Potential wave form for differential pulse voltammetry (A)  descriptive 
view of potential waveform (B) and Differential pulse voltammogram of gold 
electrode immersed in solution of 1mM Fe(CN)6
4-




Consider a reaction O + e → R, (reduction reaction) where O is reduced in a one 
electron step to R. At values sufficiently more positive than E
0
 no faradic current 
flows before the potential step (to more negative values). The application of the 
potential step does not increase peak current. At values significantly negative of E
0
 
the baseline potential is reducing O at a maximum rate. The application of a small 
potential step (towards more negative values) is unlikely to increase the rate of 
reduction and hence the differential current is again small. Only at potentials around 
E
0
, the differential current will be significant. The potential step (to more negative 
values) increases the rate of reduction and hence the differential current will be 
significant [6]. Under normal conditions (pulse height < 100 mV) the height of the 
peak can be given by the equation as follows 
        
     
     
  
   
          
 
     
     
          Eqn.(2.12) 
 
where n is the number of electrons, F is Faraday's Constant (96485 C/mol), A is the 
electrode area (cm
2
), D is the diffusion coefficient (cm
2
/s), CO is the concentration of 
electroactive species (mol/cm
3
) and σ is given by 
 
   
     
    




 ΔE is the pulse height, T is the temperature (K) and R is the universal gas constant 
(8.314 J/K mol). The potential step (to more positive values) decreases the rate of 
reduction and hence the differential current will be significant. Hence, the direction 
of the potential step has no effect on the differential current observed. DPV 
measurements are used to study the redox properties of extremely small amounts of 
chemicals and faradic current is extracted, so electrode reactions can be analyzed 
more precisely. DPV also provides the necessary resolving power, by suppressing 
background currents. Reversible reactions show symmetrical peaks, and irreversible 




Figure 2.3 Differential pulse voltammetry measurement across working electrode 
(nanoporous alumina membrane based electrochemical biosensor) immersed along 
with platinum gauge (counter electrode) and Ag/AgCl in 1.0 M KCl electrode 
(reference electrode) in solution of 1mM Fe(CN)6
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2.3 Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) has been used to determine the 
double-layer capacitance and in the characterization of the electrode processes and 
complex interfaces. Impedance Spectroscopy is also called AC Impedance or just 
Impedance Spectroscopy and the usefulness of impedance spectroscopy lies in its 
ability to distinguish the dielectric and electric properties of individual contributions 
of components under investigation. 
EIS studies the system response to the application of a periodic small amplitude ac 
signal. These measurements are carried out at different ac frequencies and analysis of 
the system response provides information about the interface, its structure and 
interfacial electrodic reactions. EIS is a quite sensitive and very useful 
electrochemical technique.  EIS experiment is carried out to acquire, validate and 
quantitatively interpret the experimental impedances.  The impedance results help in 
understanding the fundamental processes of diffusion and faradic reaction at 
electrodes. However, the most challenging problem in EIS is modelling of the 
electrode processes, where most of the quantitative problems and errors arise. 
Besides these limitations, there are various different reactions and interfacial electron 
transfer processes those can be thoroughly investigated covering quantitative aspects 
[5, 7].  Electrochemical impedance spectroscopy is a non-destructive technique and 
so can provide time dependent information about the properties but also about 
ongoing processes such as corrosion or the discharge of batteries and e.g. the 
electrochemical reactions in fuel cells, batteries or any other electrochemical process, 
coatings, conducting polymers, semiconductors, electrocatalytic reactions, chemical 
reactions coupled with faradic processes, etc. 
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Electrochemical impedance is normally measured using a small excitation signal. 
This is done so that the cell's response is pseudo-linear. In a linear (or pseudo-linear) 
system, the current response to a sinusoidal potential will be a sinusoid at the same 
frequency but shifted in phase. Electrochemical impedance is measured by applying 
an AC potential to an electrochemical cell and measuring the current through the 
cell.  If a sinusoidal potential excitation is applied then the response to this potential 
is an AC current signal, containing the excitation frequency and its harmonics. This 
current signal can be analyzed as a sum of sinusoidal functions (a Fourier series). 
Impedance is a measure of the ability of a circuit to resist the flow of electrical 
current like resistance. 
 
Figure 2.4 sinusoidal current responses in a linear system 
The excitation signal, expressed as a function of time, has the form of:  
                                                              Eqn.(2.14) 
=2 f 
0( ) cos( )E t E t
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E(t) is the potential at time t, Eo is the amplitude of the signal, and  is the radial 
frequency. The relationship between radial frequency  (expressed in 
radians/second) and frequency f (expressed in Hertz (1/sec). In a linear system, the 
response signal, the current I(t), is shifted in phase () and has a different amplitude, 
I0: 
                                                                   Eqn.(2.15) 
An expression analogous to ohm’s law to calculate impedance 
                                                                                                       Eqn.(2.16) 
The impedance is expressed in terms of a magnitude, Z0, and a phase shift, f.  The 
result will be        Z(,Vo) = V() / I().                                    Eqn.(2.17) 
Using Eulers relationship                                                                 Eqn.(2.18) 
It is possible to express the impedance as a complex function. The potential is 
described as,  
                                                                                          Eqn.(2.19) 
The current response is described as 
                                                                           Eqn.(2.20) 
Nyquist Plot 
Thus impedance can be represented as a complex number 
                                                                                            Eqn.(2.21) 
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The expression for Z() is composed of a real and an imaginary part. If the real part 
is plotted on the X axis and the imaginary part on the Y axis of a chart, we get a 
"Nyquist plot".  
Notice that in this plot the y-axis is negative and that each point on the Nyquist plot 
is the impedance Z at one frequency. On the Nyquist plot the impedance can be 
represented as a vector of length |Z|. The angle between this vector and the x-axis is 
Ø. Nyquist plots have one major shortcoming that frequency cannot be identified 
merely looking at any data point on the plot.  
 
Figure 2.5 Nyquist plot with impedance vector from the R C circuit 
  
1 1 1




The semicircle is characteristic of a single "time constant". Electrochemical 
impedance plots often contain several time constants. Often only a portion of one or 
more of their semicircles are observed in Nyquist plot. 
Bode Plot  
Another popular presentation method is the "Bode plot". The impedance is plotted 
with log frequency on the x-axis and both the absolute value of the impedance (|Z| 
=Z0) and phase-shift on the y-axis. Unlike the Nyquist plot, the Bode plot explicitly 




Figure 2.6 The Bode plot for the RC circuit. 
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2.4 Scanning Electron Microscope (SEM) 
Scanning Electron Microscope (SEM) is a microscope that uses electron beam to 
form an image. The electrons interact with atoms of the sample producing signal that 
are processed to get information about sample’s surface topography, composition, 
and electrical conductivity [4, 6]. In SEM, scanning of the sample is carried out in a 
raster scan pattern i.e. the rectangular pattern of image capturing and reconstruction 
in television. The scanning electron microscope has many advantages over traditional 
optical microscopes. It has a large depth of field, which allows more area of a 
specimen to be focused at one time. The SEM also has much higher resolution, so 
closely spaced specimens can be magnified at much higher levels. As the SEM 
utilizes electromagnets rather than lenses therefore fine control is obtained in the 
degree of magnification.  Because of all of these unique attributes, the SEM shows 
very clear images and is considered one of the most useful instruments in 
nanoscience and nanotechnological research today. 
Principle 
In SEM, the electron beam interacts with atoms of sample specimen; it produces 
signals in the form of secondary electrons, back-scattered electrons (BSE), 
characteristic X-rays, light (cathodoluminescence), specimen current and transmitted 
electrons. The signals resulting from interactions of the electron beam with atoms at 
or near the surface of the sample. Different types of detectors are used depending on 
various signals. Secondary electron detectors are most commonly used in all SEMs.  
However, generally it is not common to have all detectors installed in a single 
machine for all possible signals. The SEM produces very high-resolution images of 












Figure 2.7 SEM micrograph of nanoporous alumina materials anodized on single Pt 
wire of 76 µm diameter (A) and EDS plot of the sample (B). 
 



























When the primary electron beam interacts with the sample, the electrons lose energy 
by repeated random scattering and absorption within a teardrop-shaped volume of the 
specimen known as the interaction volume, which extends from less than 100 nm to 
around 5 µm into the surface. The size of the interaction volume depends on the 
electron's landing energy, the atomic number of the specimen and the specimen's 
density. 
The energy exchange between the electron beam and the sample results in the 
reflection of high-energy electrons by elastic scattering, emission of secondary 
electrons by inelastic scattering and the emission of electromagnetic radiation, each 
of which can be detected by specialized detectors. The beam current absorbed by the 
specimen can also be detected and used to create images of the distribution of 
specimen current. Electronic amplifiers of various types are used to amplify the 
signals, which are displayed as variations in brightness on a computer monitor. Each 
pixel of computer video memory is synchronized with the position of the beam on 
the specimen in the microscope, and the resulting image is therefore a distribution 
map of the intensity of the signal being emitted from the scanned area of the 
specimen.  
SEM images have a large depth of field yielding a characteristic three-dimensional 
appearance useful for understanding the surface structure of a sample due to very 
fine electron beam. It shows wide range of magnifications, from about 10 times 
(about equivalent to that of a powerful hand-lens) to more than 500,000 times, about 
250 times the magnification limit of the best light microscopes. Signals from back 
scattered electrons are generally used in analytical SEM along with the spectra made 
from the characteristic X-rays. As back-scattered electrons are reflected beam 
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electrons from the sample by elastic scattering and the intensity of the BSE signal is 
strongly related to the atomic number (Z) of the specimen. The BSE images provide 
useful information about the distribution of different elements in the sample of 5 or 
10 nm ranges. Signals from the characteristic X-rays are used to identify the 
composition and abundance of particular elements in the sample. 
 
 




The SEM has main components as such control console, vacuum system and electron 
gun. Electron beam control (electron lenses, beam deflections, electron gun controls), 
image processing (linear and nonlinear signal amplification, static frame stores, 
image display(s)), scan generation and synchronization, and vacuum system controls 
are all principally controlled through the console control. The vacuum system 
includes the electron gun, lenses, and all the active parts of beam manipulation 
controls, signal collection devices, the vacuum pumps and the valves. Thermionic 
tungsten electron gun is commonly used in most SEMs for electron beam to interact 
with sample. The field emission gun, thermal field emitters and schottky emitters are 
also used for electron beam apart from tungsten. The electron beam with an energy 
range from 0.2 keV to 40 keV, is focused on a sample spot of 0.4 nm to 5 nm in 
diameter by one or two condenser lenses. The beam passes through pairs of scanning 
coils or pairs of deflector plates in the electron column, typically in the final lens, 
which deflect the beam in the x and y axes so that it scans in a raster fashion over a 
rectangular area of the sample surface. 
Sample preparation 
Specimens should be electrically conductive, at least at the surface, and electrically 
grounded to prevent the accumulation of electrostatic charge at the surface for SEM 
imaging. As the SEM utilizes vacuum conditions and uses electrons to form an 
image. Therefore water must be removed from the samples and the water would 
vaporize in the vacuum. All metals are conductive and can be imaged without any 
preparation or coating.  While all non-metals and biological samples need to be made 
conductive by covering the sample with a thin layer of conductive material by sputter 




Despite all its usefulness, there are radiation hazards in using SEM because of the 
electrons that are backscattered from the sample and X-rays produced in the process. 
Therefore to minimize the risk of radiation exposure, radiation safety auditing is 
necessary and SEM should be properly shielded or at least inventoried.  
The above mentioned electrochemical techniques and SEM have been used in 
characterization, fabrication and analytical measurements of electrochemical 
biosensors. SEM and energy-dispersive X-ray spectroscopy (EDS) have been used to 
characterize nanoporous alumina electrodic structure. Electrochemical Methods 
DPV, CV and EIS are used to investigate electron transfer studies across solid 
electrode and solution in electrochemical DNA biosensing assay, characterization of 
electrode and redox tagged DNA hairpin molecules on the electrode surface.  Thus 
this chapter about instrumentation deals with its fundamental working principle, 
application and limitation in analysis. In the subsequent chapters, electrochemical 
analysis using DPV, CV and EIS will be covered in details with emphasis on 
analytical application for DNA detection. 
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  CHAPTER 3 




Various types of biosensors have been reported in literature based on amplification 
and non amplification strategy of signal acquisition. In sensing device signal 
acquisition and corresponding read out on observable scale of measurement is crucial 
to translate the recognition process. In non amplification methods only one redox 
species are used to derive signal while in amplification methods two redox species or 
more than two are coupled to enhance the signal. Electrochemical signal 
amplification is achieved coupling two redox species ferrocence (Fc) and 
ferrocyanide in reaction medium in a fairly optimum concentration. Development of 
novel  and cost effective methods for rapid and specific diagnostics  of pathogens 
have attracted significant research interests for  point of care application to  achieve 
early detection  for disease control  and to monitor epidemic spread. These bio 
recognition elements are coupled to piezoelectric, optical, and surface plasmon 
resonance techniques for signal acquisition process.   Surface attached fluorescent 
molecular beacon shows target detection at nano scale [1-3]. Surface plasmon 
resonance methods (SPR) shows sub femtomolar detection limit of target while these 
methods are restricted to scientific domain [4].  K P F Janssen et al have 
demonstrated detection of DNA sequence of Legionella sp. using fibre optic SPR 
method based on non amplification strategy [5]. This FO-SPR sensor shows sensitive 
high-resolution DNA assay performance without stringent requirements for sample 
pre-purification steps or analyte enrichment. In case of EIS methods fairly low limit 
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of detection is reported at pico and femto molar concentration that is nearby 
comparable to amplified electrochemical biosensor system [6-8]. However in EIS 
signal derivation and theoretical circuit modelling to achieve the numeric value is 
somehow tedious than pulse voltammetry techniques (DPV) where influence of 
capacitive currents by charged redox species is minimal. Nonamplified 
electrochemical biosensors show low limit of detection because of low signal 
acquisition corresponding to changes in bio elements. While changing the electrodic 
materials to nano structure (nano porous and channels) and employing these 
materials for sensing surface lead to improvement in limit of detection even in non 
amplified electrochemical system. Therefore limit of detection of electrochemical 
biosensor system can be controlled either changing electrochemical component of 
solution or electrodic structure.  
Heo, J I et al have demonstrated redox current amplification using carbon 
nanoelectrodes interdigitated array IDA. High Current amplification factor of 25 is 
obtained using carbon IDA nanoelectrodes because of the efficient recycling of redox 
species between the 1:1 aspect ratio carbon nanoelectrodes [9]. Redox cycling is 
strongly influenced by the exact geometry of the electrode pairs, which determine the 
diffusion flux of the redox species between them. In case of nanoelectrodic structure, 
diffusion of redox species turns into nonlinear and it causes increase in mass 
transport leading to higher steady state redox reaction rates in comparison to large 
surface area electrodes. Thus the high aspect ratio in nanofabricated electrodes 
significantly contributes in enhancing the redox current. Electrodic nanostructure and 
the biasing play important role in redox current amplification in which a redox 
species is oxidised on the electrode biased at higher potential. The oxidised redox 
species are reduced back to its original redox state by other electrode biased at lower 
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potential.  This redox cycling makes more redox species available near the electrode 
pairs resulting in an amplification of the redox current. Michael Bandilla et al have 
used micro electrochemical sensing system to detect EBV antibodies using redox 
recycling amplification strategy [10]. This method describes electrochemical 
immunoassay combined with a nanoporous electrode system allowing high signal 
amplification factor 24 using redox recycling strategy. In this method immobilized 
recombinant antigens binds to specific EBV antibodies in the serum of patients and 
alkaline phosphatase linked to specific secondary antibody utilizes substrate p-
aminophenyl phosphate enabling signal amplification by redox recycling. Zhang Y et 
al have developed electrochemical immunosensor based on goldnanolabels and 
enzymatic recycling dual amplification for detection of protein tumor [11]. The dual 
biocatalytic signal amplification is obtained by coupling the numerous enzymes 
loaded on the AuNPs with redox-recycling of the enzymatic products in the presence 
of the secondary enzyme and the corresponding substrate. This electrochemical 
sensor based on dual amplification strategy shows 5–100-fold improvement in 
detection limit as reported. Marcus M. et al have demonstrated electrochemical 
signal amplification using microelectrode positioning near a conducting surface by 
redox recycling [12]. Thus affinity binding of the complementary analyte increases 
the molecular weight of the redox species changing its diffusion coefficient. In this 
method modulation in the diffusion coefficient of a redox species labeled with the 
probe structure is monitored. Binding of complementary analyte with probe results 
into increase in the molecular weight of the redox species leading to decrease in its 
diffusion coefficient. An electrochemical affinity-assay has been also developed that 
is based on the modulation of the diffusion coefficient of a redox-labeled hapten 
upon complementary recognition of the analyte leading to an increase of molecular 
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weight and hence to a decrease of the diffusion coefficient [13]. The slower diffusion 
is monitored by means of cyclic voltammetry.  Lucio Vera-Cabrera et al have 
developed amplification ELISA system made up of an anti-human IgG biotinylated 
conjugate, a streptavidin-alkaline phosphatase complex, and NADP as a substrate for 
detection of DAT antibodies tuberculosis marker [14]. This assay method relies on 
redox enzymatic recycling system of alcohol dehydrogenase, diaphorase and 
iodonitrotetrazolium as chromogen. This amplification ELISA method shows a 
sensitivity of 61 % in comparison to conventional ELISA showing sensitivity of 42 
%. Monica Campas et al have developed enzymatic recycling-based amperometric 
electrochemical immunosensor for ultrasensitive detection of okadaic acid [15]. This 
method relies on competitive indirect enzyme-linked immunosorbent assay 
(ciELISA) and an enzymatic recycling system. The ELISA system is coupled with 
amperometry in which detection of p-aminophenol produced by the reaction of p-
aminophenyl phosphate with alkaline phosphatase is monitored. In case of an 
electrochemical signal amplification system based on diaphorase (DI) recycling 
integrated with the ALP-based immunosensor shows decrease in the LOD to 0.03gl
−1
 
and enlarging the working range by two orders of magnitude. 
3.1.1 Electrochemical signal amplification and electrochemically amplified 
molecular beacon biosensor 
Signal amplification can be achieved either utilizing two redox species or enzyme 
mediated reactions. Enzymatically amplified electrochemical system utilizes enzyme 
catalytic cycling property (turn over number) where thousands of oxidation and 
reduction reactions can be catalyzed efficiently causing significant amplified 
electrochemical signal output.  Enzyme based amplified electrochemical DNA 
biosensor has been reported showing fairly low limit of detection, this biosensor has 
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achieved detection in range of femtomolar DNA targets employing bulky horseradish 
peroxidise linked- anti-DIG antibody (anti-DIG-HRP) and DIG enzyme system [16].  
Jiong Zhang et al have developed AuNP based amplified chronocoulometric 
electrochemical DNA sensor involving a capture probe DNA immobilized on a gold 
electrode and a reporter probe DNA loaded on gold nanoparticles (AuNPs). This 
AuNP-amplified DNA sensor can selectively detect as low as femtomolar 
(zeptomoles) concentrations of DNA targets [17]. Chunhai Fan et al have 
demonstrated sequence specific electrochemical DNA detection based on reagent 
less method and conformational changes after DNA hybridization was monitored 
using probe DNA tagged with redox molecule ferrocene [18]. Electrochemical signal 
amplification study was reported by Porter et al in which two redox species Fc and 
ferrocyanide are coupled to achieve high turnover of redox recycling leading to many 
fold increase in electrochemical signal output [19, 20]. Redox recycling system 
enables marked improvement of electrochemical detection capabilities. Enhanced 
sensitivity is achieved by employing a sacrificial redox species that recycles the 
analyte back to its original oxidation state through a catalytic homogeneous electron 
transfer. Repetition of the cycle leads to multiple heterogeneous electron transfer 
events for each analyte molecule, serving to enhance the transduced electrochemical 
signal [21]. Electrochemical signal amplification strategy is exploited at 
electrochemical DNA sensor platform to achieve lower limit of detection of target 
analyte e.g. DNA. This electrochemical signal amplification strategy leads to 
development of electrochemically amplified molecular beacon biosensors (EAMB) 
[22]. The EAMB biosensor gives significantly lower detection limit (10
−14
 M) by 1-5 
orders of magnitude than non-amplified electrochemical hairpin DNA-based 
biosensors [18, 23, 24] and 6 orders of magnitude lower than electrochemical non-
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hairpin DNA sensors [25]. Apart from low sensitivity, electrochemical amplified 
molecular beacon DNA biosensor selectively discriminates single base mismatch to 
multiple base mismatches in complementary target using differential pulse 
voltammetric technique. Furthermore, specific detection of label-free genomic 
sequence of bacterium Legionella pneumophila is also demonstrated.  The 
development of a rapid and accurate identification method will be extremely useful 
in monitoring environmental pathogens e.g. virus, bacteria and is crucial for the 
successful implementation of epidemiologically predicted reliable vector control 
programs to control epidemic outbreaks of pathogenic diseases. Therefore 
development of biosensors for environmental pathogen Legionella sp and its early 
detection will be useful in mitigation of epidemic spread of Legionnaires' disease or 
legionellosis. In the following section of this chapter development of electrochemical 
amplified molecular beacon DNA biosensor will be covered along with detailed 
discussion and analytical performance. Among the electrochemical detection 
methods, reported strategies include detection of redox labels physically or 
covalently attached to the nucleic acid probe or target, such as enzymes, 
nanoparticles, metal ions and intercalators achieved detection of single-base 
mismatch to some extent [16, 26-28]. Other approaches include measurement of 
changes in electrical impedance property of surface film thickness after hybridization 
[29, 30]. Electrochemical hairpin DNA probes show very promising performance in 
high specificity electrochemical detection down to single-base mismatch using 
impedance measurement and voltammetric methods [8, 18, 31, 32].   
However, the detection limit and sensitivity are considerably poorer than 
fluorescence molecular beacon probes, which can give high intensity signal arising 
from rapid turnover of excited and ground states of fluorophore label and a 
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continuous excitation source, thus achieve high signal-to-noise ratio. In this chapter, 
we describe construction of  an ultrasensitive electrochemically amplified molecular 
beacon (EAMB) biosensor by appending reversible ferrocene
0/+1




Scheme 3.1 Scheme of operation for the electrochemically amplified molecular 
beacon (EAMB) biosensor (A) Switched ‘ON’ amplified biosensor signal response 
derived from redox cycling of hairpin DNA-ferrocene (Fc) using sacrificial 
regenerating agent Fe(CN)6
4-.  (B) Switched ‘OFF’ biosensor signal response when 





terminal of hairpin DNA thiolated to gold electrode surface at the 3’-end.   Sacrificial 
redox reagent   Fe(CN)6
4-  in bulk solution achieves turnover of the oxidation state of 
surface immobilized hairpin DNA-ferrocene (electrochemical molecular beacon), 
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which amplifies the electrochemical signal output (Scheme 3.1).  Herein, the 
biosensor achieves high specificity differentiation of a 21-mer base sequence from 
similar sequences with one and three base-pair mismatches.   
Furthermore, specific detection of label-free genomic sequence of bacterium 
Legionella pneumophila is also demonstrated, which presently contaminates ~4% of 
all potable water sources, causing a serious form of pneumonia known as 
Legionnaires' disease or legionellosis. Complete elimination of Legionella bacteria is 
extremely difficult owing to widespread intracellular growth in protozoa of biofilms 
capable of surviving extreme conditions. Thus, the development of a rapid and 
accurate identification method will be extremely useful in monitoring quality of 
water sources with high risks of contamination by Legionella bacteria, especially 
during epidemic situations. 
 
3.2 Material and Methods 
3.2.1   Reagents 
3’-thiolated hairpin DNA probe sequence of L pneumophila (3’-HS-(CH2)3GCA 
ACT TGT TTT CCC CGC CCC TCT CAT AGTT(CH2)6NH2-5’), non-thiolated 
complementary target sequence (5’-ACA AAA GGG GCG GGG AGA GTA-3’), 
single nucleotide mismatch target sequence (5’-ACA AAA GGAGCG GGG AGA 
GTA-3’) and three nucleotide mismatch target sequence (-5’-GCA AAA GGG GCG 
GGG AGA GGG-3’) were obtained from Sigma-Aldrich. 6-mercapto-1-hexanol 
(MCH), 1.0 M tris (2-carboxy-ethyl) phosphine hydrochloride (TRIS buffer) of pH 
7.0, ethanol (99 %) from Sigma-Aldrich, ferrocenecarboxylic acid (>97%), 
triethylamine (98%) and N, N-dicyclohexylcarbodiimide from Fluka, sodium 
bicarbonate (Kanto Chemical), dimethylsulfoxide (MP Biomedicals) were used as 
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received.  All target analyte solutions were prepared using 1.0 M TRIS buffer pH 
7.0. 
 
3.2.2 Construction of EAMB biosensor 
The hairpin DNA-ferrocene was synthesized from 5’-aminohexyl-oligonucleotide 
thiolated at the 3’-end, using carbodiimide coupling with N-hydroxy-succinimide  
following reports [33-34] as shown in reaction scheme 1. The EAMB biosensor was 
constructed using 0.15 cm diameter gold disk electrode pretreated with hot piranha 
solution, followed by sonication and potential cycling in 1.0 M H2SO4 from 0 to 1.6 
V until reproducible cyclic voltammograms were obtained.  0.20 mL of 0.8 mM 
thiolated hairpin DNA-ferrocene solution was self-assembled onto the cleaned gold 
electrode surface, using continuous wetting of the gold surface with small fractions 
of 20-30 L hairpin DNA-ferrocene probe solution. This was carried out over 48-72 
hours to allow self-assembling of the thiolated probe DNA onto the gold surface to 




probe surface coverage as determined from cyclic 
voltammetry in 1.0 M pH 7.0 PBS buffer solution, about 6 times higher than 
adsorption from 1.9 M solution of DNA probes [35].  Finally, unoccupied sites on 
the gold electrode surface of the EAMB biosensor was backfilled with a monolayer 
of 6-mercapto-1-hexanol (MCH) by applying ~20 μL of 0.1 mM MCH in 99 % 
ethanol solution onto the hairpin DNA-ferrocene modified gold surface over 12 
hours. MCH acts as an interstitial spacer in the mixed self-assembled monolayer and 


















Figure 3.1 Schematic of (A) EAMB Biosensor preparation procedure (B) Analytical 
procedure of analyte DNA sample and (C) Electrochemical analytical cell set up. 
 
 
3.2.3. Design of hairpin DNA-ferrocene probe 
A DNA sequence with labile short stem comprising 6-base pairs and a loop with 16 





C calculated using nearest Neighbour thermodynamics based software for 
prediction of nucleic acids folding, under the condition of 1 M Na
+
 and folding 
temperatures of 25 and 30 
o
C respectively [36].  Figure 3.2 shows the predicted stem 
structures of hairpin probe DNA. A GC base sequence is added to the 3’-end to 
further reduce ease of unfolding of the stem owing to dipole-charge interaction with 
water molecules [37]. The three-carbon organic thiol linker attached to the 3’-end 
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helps anchor the thiolated hairpin to the gold surface via the formation of 
thermodynamically stable gold-thiol bond.  This linker, together with the extra GC 
base sequence, allows the stem and loop sequences to protrude above the 6-carbon 
MCH monolayer into the aqueous solution to interact with target DNA.  At the 5’-
end, ferrocene moiety is attached to a 6-carbon organic linker in order to position the 
redox moiety close to the gold surface with estimated closest approach distance of 
~0-0.35 nm depending on the orientation of ferrocene (Fc) for facile electron 
transfer.  This presumes the hydrophobic nature of ferrocene and organic linker 




Figure 3.2 DNA Hairpin Probe sequence immobilized on the gold electrode. 
 
Possible Structure: Folding bases   
dG = -2.57 dH = -44.40 dS = -147.73 Tm = 27.4 ℃ 





A 21-mer target sequence from the L. pneumophila genome was searched using 
National Centre for Biotechnology Information (NCBI) Nucleotide BLAST (Basic 
Local Alignment Search Tool) resources because of its appropriate length and 
specificity.  The 21-mer DNA target sequence on the fthA gene (minus strand) 
shared by the Corby, Philadelphia1 and Paris strains of L. pneumophila was selected 
for the 16-base loop sequence with 5-base incorporated into the labile stem of the 
hairpin probe.  Differentiation between these strains and the lens strain with single-
base mismatch and another bacteria species (Aeromonas hydrophila subsp. 
hydrophila ATCC 7966) with three-point mismatch was investigated.   
 
3.2.4 Procedure for analyses of DNA targets  
To achieve a switch on-off effect of the electrochemically amplified molecular 
beacon biosensor in the presence of a DNA target, the biosensor was thermostated in 
the target solution at 55 
o
C for 25 min to allow complete hybridization.  The 
biosensor was subsequently rinsed with ultrapure water to remove any unhybridized 
target, followed by electrochemical measurements at room temperature. 
Electrochemical measurements (CHInstrument 900 potentiostat/galvanostat) were 
carried out in solution of 1.0 mM potassium ferrocyanide in 0.1 M KCl using three 
electrode system comprising the EAMB biosensor, Ag/AgCl (1.0 M KCl) reference 
and platinum gauze counter electrode.  Differential pulse voltammetry was carried 
out using 50 ms pulse width, 50 mV pulse height, pulse period of 200 ms and 
potential increment of 1 mV.  To avoid false positive signal response owing to loss 
of molecular beacon probes from the biosensor during the heating cycle, the 
biosensor was subjected to a continuous series of heating cycles in the absence of 
complementary DNA target (Figure 3.3).  Significant reduction in the biosensor 
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signal response by up to 10% occurs during the first two heating cycles which 
stabilize at 17 % ca of initial biosensor signal response after the third heating cycle. 
Meaningful detection data can only be obtained from the fourth measurements 
onwards. Therefore, for the mismatch specificity measurements and detection of 
PCR amplicon sample of Legionella genomic DNA, the biosensor preparation 
procedure comprises a pre-conditioning step of three consecutive heating cycles of 
75 
o
C, 30 min each, to ensure reproducible biosensor responses before use. 
 
 
Figure 3.3 Control experiment to investigate the effect of number of heating cycles 
(70 
oC, 25 min per cycle) on the reproducibility of the ‘blank’ biosensor response in 
the absence of DNA targets.  Average error bars are derived from three consecutive 




















Atomic Force Microscopy (AFM) images of (A) Bare gold surface and (B) gold 























3.3 Results and discussion  
 
3.3.1 Electrochemical signal amplification using gold electrode towards charged 
redox species Ferrocene (Fc) and Ferrocyanide Fe(CN)6
4-
 for selective faradic 
response 
Figure 3.4 shows schematic of electrochemical signal amplification of modified gold 
electrode with ferrocene hexanethiol and mercaptohexanol (MCH) in presence of 




Ferrocene 0/+1 redox species (Ferrocene hexane 
thiol) is attached on to the gold electrode surface and sacrificial redox species 
Fe(CN)6
4−
 in bulk solution at suitably  optimal conc (~1mM) facilitates turnover of 
the oxidation state of surface immobilized ferrocene, which amplifies the electro-
chemical signal output. This increase in current is attributed to electro catalytic 
property of Fe(CN)6
4-
 in reducing the oxidised ferrocene moiety to regenerate it for 
further oxidation. This type of catalysis phenomenon of regenerating ferrocene 
enhances electrochemical signal for observation and analytical calibration. Figure 3.5 
shows cyclic voltammograms of gold electrode immobilized with 
ferrocenehexanethiol and mercaptohexanol (MCH) in absence (A) and in presence 
(B = 1mM) and (C= 10 mM) of Fe (CN)6
4-
 solution in 1X pH 7.4 PBS solution.   
While increasing concentration of Fe(CN)6
4-
 from 1 mM to 10 mM and 100 mM , the 
oxidative peak current increases to 10 - 100 fold because of background current 
contribution from excessive Fe(CN)6
4-
 in solution. Therefore 1mM Fe(CN)6
4-
  
concentration is considered as optimum concentration for signal amplification and 
electrochemical redox recycling. This amplification strategy using simple addition of 
commonly available Fe (CN)6
4−
 has not been reported to develop electrochemical 





Figure 3.4 Schematic of electrochemical signal amplification of modified gold 
electrode with ferrocene hexanethiol and mercaptohexanol (MCH) in presence of 
sacrificial electron donor Fe(CN)6
4-
. 
Figure 3.5 Cyclic voltammograms of gold electrode immobilized with 
ferrocenehexanethiol and mercaptohexanol (MCH) in absence (A) and in presence 
(B = 1mM) and (C= 10 mM) of Fe (CN)6
4-





3.3.2 The Electrochemically amplified molecular beacon (EAMB) biosensor 
In this work, we first construct surface tethered-hairpin DNA probes tagged with 
redox active ferrocene, on gold electrode surface. This stem-loop probe inherently 
possesses high specificity due to their conformational constraints, and thus is 
superior to linear strands for DNA detection [16, 37, 38]. The signal response of the 
EAMB biosensor is amplified using Fe(CN)6
4-
 as a sacrificial redox species to 
regenerate the reduced state of the DNA-ferrocene probe (Scheme 3.1).  In general, 
such redox cycling scheme relies on rapid homogeneous electron transfer between 
the regenerating agent and ferrocene, slow heterogeneous reaction of regenerating 
agent and significantly higher concentration of regenerating species compared to 
ferrocene [20]. Using this approach, amplification of faradic current response can be 
achieved with lowered detection limits of ferrocene-based analytes [20]. Herein, we 
use surface-attached DNA-ferrocene instead of solution ferrocenes.  Figure 3.6A 
shows the significantly reduced voltammetric peak current of a MCH-hairpin DNA 
without ferrocene, self-assembled onto gold electrode towards 1 mM Fe(CN)6
4-
, 
compared to an uncoated electrode.   The hydrophobic MCH adlayer prevents non-
specific interactions of DNA target with the electrode, besides acting as a selective 
interface for the redox label ferrocene attached to surface tethered hairpin DNA in 
the presence of solution Fe(CN)6
4-
 [20].  Interestingly, a large ∆Ep of ~330mV at the 
control electrode coated with monolayer of MCH and hairpin DNA without 
ferrocene is observed, which suggests a strong kinetic limitation in contrast to the 
Nernstian diffusion-limited behavior at the uncoated electrode.  We estimate the 
heterogeneous rate constant of ferrocyanide at the hairpin-MCH coated electrode 
using the general equation (Bard and Faulkner, 2000) for an irreversible process is 











) and at least ~5 orders of magnitude lower than the rate constant of k = 
0.05 cm s
-1
 estimated using Nicholson method  for the uncoated gold electrode with 
reversible voltammetric behavior (∆Ep ~ 64 mV at 100 mV s-1) [20, 39].  When 
ferrocene labeled hairpin DNA probes are adsorbed onto the electrode surface 
instead of unlabeled hairpin DNA, a large signal response towards Fe(CN)6
4-
 similar 
to the uncoated electrode is achieved (as shown in figure 3.6B). Overall, this 
confirms the mass transfer limited electrodic reaction of ferrocyanide can occur 
through redox turnover of surface adsorbed ferrocene, while direct reaction of 
Fe(CN)6
4- 
at the MCH-coated electrode surface is severely limited. We evaluate the 
maximum amplification that can be achieved for the biosensor by comparing 
theoretical voltammaetric peak currents given for a reversible one-electron oxidation 
of solution Fe(CN)6
4-














   (3.1) 
where D is the diffusion coefficient of Fe(CN)6
4-
, C is the bulk concentration of 
Fe(CN)6
4- 
,  is the scan rate and  is surface coverage of hairpin DNA-ferrocene  
and rest of the parameters have their usual meanings. Under the optimized 
experimental conditions used in this work, eqn (3.1) predicts an amplification factor 





measured from charge passed during linear potential sweep.  This is two times higher 
than the theoretical amplification factor of a homogeneous mixture of ferrocene and 
Fe(CN)6
4- 
[20].   The experimental amplification factor extracted from Figure 3.6B is 
however significantly lower at ~130. The origin of this disparity between theoretical 







Figure 3.6 (A) Cyclic voltammogram of bare gold electrode (---) and gold electrode 
immobilized with hairpin DNA  without ferrocene (Fc) and MCH (
____
) in presence  
of 1mM Fe(CN)6
4-
.  (B) Cyclic voltammogram of gold electrode immobilized with 
hairpin DNA probes in the absence (
____
) and presence (---) of 1mM Fe(CN)6
4-
.  
Inset: magnified view of Faradic current peaks of hairpin DNA-ferrocene probes in 









insufficient amount of Fe(CN)6
4-
 to support the fast mediation and rapid turnover of 
surface ferrocene. To verify this, we increase the Fe(CN)6
4-
 concentration by 10 and 
100 times and figure 3.7 shows corresponding 9 and 50 times rise in peak currents, 
respectively.  This indicates redox recycling of surface ferrocene is limited by 
Fe(CN)6
4-
 concentration from 1 to 100 mM Fe(CN)6
4-
. Though larger signals can be 
derived in higher Fe(CN)6
4- 
concentrations, the higher background currents due to 
Fe(CN)6
4- 




Figure 3.7 Cyclic voltammogram of the EAMB biosensor in the presence of 1, 10 
and 100 mM Fe(CN)6
4-
.  Inset: magnified view of cyclic voltammetric peaks of 
hairpin DNA-ferrocene probes in the absence (
____
) and presence (
____
) of 1 mM 
[Fe(CN)6]
4-





On the other hand, a closer agreement of theoretical and experimental amplification 
factor can also be achieved by lowering surface coverage of ferrocene [20].  
However, this gives poorly defined voltammogram in absence of Fe(CN)6
4-
, and 
most critically, intermediate surface coverage cannot be easily reproduced.  Thus, 
DNA-ferrocene probes are self-assembled on gold electrode surface over ~3 to 4 
days to achieve maximum surface coverage.  This method is used during all 
biosensor preparation and 1 mM Fe(CN)6
4-
 is used in all biosensing solution.    
3.3.3 Biosensor signals derived from differential pulse voltammetry 
Because large capacitive currents are encountered during potential cycling of the 
highly charged hairpin ferrocene probes, extraction of reproducible peak currents 
under identical experimental conditions is a challenge for ultrasensitive performance 
of the biosensor.   
 
Figure 3.8   Differential pulse voltammetry signal response of biosensor in the 
absence (
____
) and presence (---) of 1 mM Fe(CN)6
4-
 and a control (
_ _ _ 
) in the 
presence of 1 mM [Fe(CN)6]
4-
 using MCH-coated electrode without hairpin DNA-
ferrocene probes.  DPV currents were offset to 0 A to allow comparison of results 




In contrast, differential pulse voltammetry can remove capacitive currents and known 
to increase detection limits compared to non-pulsed voltammetry by ca. two folds.  
Figure 3.8 shows the significantly sharper peaks derived during DPV scans 
compared to cyclic voltammetry (as shown in figure 3.6). Figure 3.9 (A) shows the 
corresponding decrease in the biosensor DPV peak current as the concentration of 
label-free complementary target increases.  An interesting and analytically useful 
attribute of this biosensor is that its peak potential also shifts with increasing target 
concentration.  Shift in voltammetric potential can arise from variation in the 
heterogeneous rate constant of a redox species, owing to changes in the surface 
density of redox active sites [40]. If each surface tethered hairpin DNA probe tagged 
with a redox species such as ferrocene is treated as a nanosized electroactive site, 
then binding with its complementary target help quench its electrochemical activity 
and reduces the overall surface coverage of redox active hairpin DNA-ferrocene sites 
on the electrode.  Thus, we use Langmuir isotherm to describe the binding of target 
DNA to the hairpin DNA-ferrocene probe. Because the target-probe binding changes 
probe surface coverage and reduces the heterogeneous rate constant of ferrocene, it is 
possible to derive an analytically useful relation involving the DPV peak potential of 
the EAMB biosensor, the probe-target equilibrium binding constant K and 
complementary DNA target concentration C. 
                                       
                                              KCAEE  1lnop,p    (3.2) 
   
Where Ep,o and Ep refer to the DPV peak potentials of the EAMB biosensor before 









Figure 3.9 (A) Biosensor current response towards increasing concentration of 










 and 10 
-06 
M.  Plots showing 
(B) averaged normalized current signal best fitted to eqn. (3) and (C) averaged peak 
potential response best fitted to eqn. (2), derived from three biosensors. (●) 
experiment data, (---) nonlinear best fit, (
___
) nonlinear best fit using (KC)
1/n
 instead 
of KC in eqns. (2) and (3).  Error bars and points represent average standard 
deviations derived from three biosensors.  Sharp decrease in current response from 
10
-16

















Besides potential, the surface coverage of electroactive hairpin DNA-ferrocene  
also influences the biosensor current signal.  Using similar Langmuir isotherm 
approach as a nanoporous biosensor we described previously [41], the biosensor 
current signal normalized against the maximum current signal obtained in the 





































  (3.3)    
 
where IDNA and I0 are biosensor current signals in the presence and absence of target 
DNA; Ibackground is the minimum biosensor current signal due to background 
Fe(CN)6
4-
 obtained at high concentrations of target DNA; K is the binding 
equilibrium constant between hairpin probe and target DNA and C is the 
complementary target concentration.  Practically, the current signal or peak potential 
yields linear responses with respect to the logarithm of the complementary ssDNA 
target concentration when normalized or offset against the blank solution without any 
complementary target, respectively.  Non-linear curve fits of eqns. (2) and (3) to 
experimental data of the normalized biosensor current signal and offset peak 
potential responses, give relatively good agreements (Figure 3.9 B and C).  
Interestingly, replacing KC with (KC)
1/n
 in eqns. (3.2) and (3.3) improves the non-
linear curve fit further.  Nucleic acid bases and polynucleotides are known to exhibit 
stacking association in aqueous solutions due to hydrophobic interactions [42].  
Subsequent dissociation of stacked ssDNAs into n single strands before binding to 
the hairpins, requires that the binding rate is proportional to the n power of the 
number of hairpin sites thus give rise to (KC)
1/n
. Consequently, the binding affinity K 
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 (n = 4.0 + 1.6) respectively.  
This close agreement within one order of magnitude between the experimental and 
theoretical K values of 2.5 x 10
12
 predicted from free binding energy [43] verifies the 
simple relations between biosensor responses and surface coverage of hairpin DNA-
ferrocene sites.  It also strongly suggests a slightly complex situation involving 
stacked DNA target comprising of four to five oligonucleotides in the measuring 
solution.   
 
3.3.4   Simple model of voltammetric potential shift during complementary DNA 
binding of EAMB biosensor.   
First, we consider  as the surface coverage of an array of folded hairpin DNA-
ferrocene on the biosensor surface while (1-) is the surface coverage of unfolded 
DNA duplex after binding to target DNA.  When dimension of each electroactive site 
is smaller than the diffusion layer thickness and within certain optimal site density 
range, the heterogeneous rate constant k of the redox species is intimately related to 
the surface coverage of electro active sites  as follows: 
k      (3.4) 
 
In the following, we relate the DPV peak potential to the cyclic voltammetric peak 
potential and subsequently derive the apparent heterogeneous rate constant of surface 
tethered hairpin DNA-ferrocene from the DPV peak potential.   Potential shift in the 
biosensor DPV response can be directly related to shift in the cyclic voltammetry 
potential of the hairpin DNA-ferrocene.  For the surface tethered hairpin DNA-
ferrocene in presence of Fe(CN)6
4-  
an irreversible peak separation of ~200 mV is 
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typically observed as shown in Figure 3.11(B).  Thus, a relation between DPV peak 
potential and heterogeneous rate constant k can be obtained, following the 
exponential relation between displacement in voltammetric potential and 






AEE     (3.5) 
 
Where Ep,o and Ep refer to the DPV peak potential of the EAMB biosensor before 
and after hybridization with target DNA, respectively. ko and k refers to the 
heterogeneous rate constants of hairpin DNA-ferrocene immobilized on the 
biosensor before and after hybridization with target DNA, respectively and A is 
arbitrary constant. Combining equations (3.4) and (3.5) give: 
  lnop,p AEE    (3.6) 
Where  is the surface coverage of folded hairpin DNA ferrocene of the EAMB 
biosensor after binding to target and   equals to 1 before binding to target.    
From eqn. (3.6), the biosensor peak potential shift can be explained by changes in the 
surface coverage of the electroactive hairpin DNA-ferrocene, arising from 
hybridization of complementary target.  To relate this biosensor peak potential shift 
to target DNA concentration, we assume at equilibrium, every hairpin DNA-
ferrocene site is equivalent and every linear duplex DNA-ferrocene formed is the 
same and non-redox active.  We also make the simple assumption that the binding of 
target to each hairpin probe occurs without the influence of other hairpin DNA-
ferrocene sites.  As such, surface coverage of hairpin DNA-ferrocene sites  can be 
correlated to target concentration C and equilibrium binding constant K between 
hairpin probe and target DNA according to Langmuir isotherm, as follows: 
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      (3.7) 
Combining (3.6) and (3.7), we obtain a relation between peak potential shift of the 
differential pulse voltammogram, binding affinity and concentration of the 
complementary DNA target: 
 
 KCAEE  1lnop,p    (3.8) 
 
3.3.5 Biosensing mechanism 
The following mechanism explains the current response of the EAMB biosensor 
[18].  The DNA-ferrocene undergoes redox reaction at the electrode in the hairpin 
configuration.  In the presence of DNA target under hybridization condition, hairpin 
DNA- ferrocene probes unfold, bind with target to form the redox inactive duplex 
DNA structures due to significant change in distance from ~0.3 nm to larger than 
~12.3 nm between ferrocene and electrode.  The current decreases as concentration 
of target DNA increases as the duplex structures increase proportionally with respect 
to the hairpin probes [18].  At high target concentration, decrease in current is limited 
by the background current of Fe(CN)6
4-
, attributed to tunneling current or surface 
defects in the MCH layer.  It is equally possible that significant part of the observed 
current signal is due to direct reaction of Fe(CN)6
4-
 at the MCH/DNA probe-covered 
electrode.  In this situation, steric hindrance or electrostatic repulsion of charged 
Fe(CN)6
4- 
by the higher negatively charged duplex DNA structures in the adlayer 


















Figure 3.10 Current response of a control electrode immobilized with hairpin DNA 
without ferrocene tag, immersed in 1 mM Fe(CN)6
4- 
in the presence of (A) increasing 




M and (B) increasing 

























mechanism cannot explain the observed potential shift.  A control experiment carried 
out using hairpin DNA without ferrocene tag as shown in figure 3.10(A) confirms 
addition of complementary target does not cause potential shift in the biosensor 
response though current was observed to decrease in same way as the biosensor 
containing hairpin DNA-ferrocene which is attributed to charge repulsion effect [8]. 
Figure 3.10(B) shows DPV current response of a second control electrode 
immobilized with hairpin DNA without ferrocene tag, in the presence of increasing 
concentration of non-complementary 21 mer polycytosine DNA target.   There is no 





unlike the biosensor response towards complementary targets (as shown in figure 
3.9A).   
3.3.6 Analytical performance 
Figure 9B and C show the plots of biosensor current signal and peak potential 
responses versus the logarithm of complementary ssDNA target concentration 
derived from three biosensors with signal amplification in 1 mM Fe(CN)6
4-
.  













=0.98) for peak 
potential response were obtained, respectively.  Detection limit was determined from 
the minimum DNA concentration which caused the change in current signal or peak 
potential response equivalent to three times the average background noise in the 
absence of DNA target.  Detection limits for a 21-mer DNA sequence of Legionella 
pneumophila were 2.3 x 10
-14
 M (current signal) and 5.9 x 10
-13
   M (peak potential) 
respectively, present significant improvement of 5-6 orders over hairpin DNA 
sensors based on colorimetry [1, 3, 44].   These figures of merit including a relatively 
rapid analysis time of 45 min presents a significant improvement in DNA detection 
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limits over existing non-pcr methods and is comparable to state-of-the-art enzyme 
based amplified E-DNA sensor and impedimetric DNA sensor [7, 16].  In addition, 
the used biosensor can be regenerated up to six times with very good reproducible 
normalized signal response by incubating in a pH 7.0, 0.5M TRIS buffer for 30 min 
at 75
o
C. Average standard error of 2.6 % is obtained for one biosensor and for three 
biosensors, the errors range from 2 to 9 %. Further, the additional readout derived 
from peak potential besides current signal can be useful to distinguish common 
current signal measurement errors associated with oxidation or reduction of trace 
impurities which has minimal influence on the peak potential values.     
 
3.3.7 Specific response towards one and three base-pair mismatches 
Figure 3.11 shows the normalized current signal and peak potential responses of one 
EAMB biosensor towards a target containing DNA sequence commonly found in 
several L. pneumophila strains, and two other targets containing similar sequences 
but with single-base and triple-bases mismatches found in Lens strain L. 
pneumophila and Aeromonas hydrophila, respectively. During analysis the target 
was thermostated with biosensor at 55 
o
C, between the theoretical solution Tm of the 





C respectively, calculated using nearest Neighbour thermodynamics based 
software [biomath Tm Calculators].  For the sequence with one mismatch in the 
middle position, Tm is significantly lower than the complementary sequence.  This 
has been explained by the formation of kink at the mismatched position which 































































Figure 3.11 Changes in (A) normalized current signal and (B) peak potential of the 
same biosensor towards 1 µM 21-mer complementary target (Comp) and target 
sequences containing single-base mismatch (MM1) and triple-bases mismatch 
(MM3) with zero, one and two regeneration procedure (see text), respectively.  Error 
bars correspond to standard deviations obtained from 3 consecutive DPV 




























From figure 3.11, it is clear that the complementary target and sequence with one 
nucleotide mismatch can be easily differentiated, which demonstrates this 
electrochemically amplified signal of the hairpin DNA probe is highly selective 
down to single nucleotide mismatch. To test the limit of this method for further high 
specificity detection, we introduce 3 nucleotide mismatches at terminal positions 1, 2 
and 21.  Mismatch of base-pairs at terminal positions form dangling ends instead of 
kinks [7], so such 3-points  mismatch sequence has a much closer Tm (57
 o
C) to the 
complementary sequence thus would be more difficult to distinguish.  Very 
interestingly, at higher hybridization temperature of 55
 o
C, the 3 base-pair mismatch 
sequence shows negligible change in biosensor signal response and can be clearly 
differentiated from the complementary target (figure 3.11). Previous study on 
terminal mismatch at proximal end of surface tethered DNA sequences indicate 
enhanced flexibility of the DNA-linker region, likely due to fraying of the strands at 
the terminal mismatch position  such orientation changes may affect the kinetics of 
hybridization and further influence the selectivity against the mismatch sequence [7, 
45].  Consequently, sequences with one and three base mismatches have lower Tm 
than the hybridization temperature 55
 o
C and do not hybridize well with the probe 
sequence, giving significant differences in the normalized DPV peak currents and 
absolute peak potential values (figure 3.11).   
 
3.3.8 Detection of Legionella Pneumophila genomic DNA 
In order to test the applicability of the EAMB biosensor in real sample analysis, it is 
challenged with PCR amplicons for Legionella genomic DNA. A 157-bp region 











Figure 3.12 (A) Electrophoretic analysis of the asymmetric PCR amplification for a 
157-bp gene (flhA) of Legionella pneumophila. (B) Detection of PCR sample of 
Legionella pneumophila: Biosensor signal response towards this PCR amplicons 








M and sensor signal 
regeneration after heating.  Error bars correspond to standard deviations obtained 







target, with complementary loop sequence in the hairpin DNA-ferrocene probe of the 
biosensor.  Legionella pneumophila was cultured overnight, and its genomic DNA 
was isolated using a bacteria genomic DNA isolation kit (Cat#51306 QIAamp DNA 
Mini Kit).  PCR amplification was performed in a PCR cycler (Applied Bio systems 
Gene Amp PCR system 2700). A pair of asymmetric primers (10 Primer1/1 Primer2) 
was employed in order to generate the ss-DNA target.  The amplification protocol 
comprises an initial 5 min heating at 95 °C followed by 35 cycles of 95 °C for 30 s, 
55 °C for 30 s, and 72 °C for 30 s. The reaction system was further incubated for 5 
min at 72 °C to extend any incomplete products. The PCR products were 
subsequently diluted by 10 fold successively up to four serial dilutions for detection 
by the biosensor.  Figure 3.12(A) shows the gel electrophoretic isolation of the 157 
base pair target sequence from the cultured Legionella pneumophila cells and the 
biosensor signal response towards serial diluted PCR amplicon samples of the 
isolated target sequence.  The biosensor can be regenerated after exposure to the 
series of diluted PCR amplicon samples using 75 
0
C, 30 min heating cycle (Figure 
3.12B). 
 
Table 3.1 Sequences for the 157 bp target, two primers and the probe. 
Hairpin Probe   (Thiolated)  3’ GCAACTTGT TTT CCC CGC CCC TCT CATAGTT 5’ 
 
Primer 1 :                               5’-TGAAGTGGTGATTGGAGG- 3’ 
Primer 2 :                                5’- GATAGCCATTTGCTTTCC -3’ 
 














We report a new electrochemically amplified molecular beacon biosensor, made 
from surface attached thiolated DNA hairpin probes appended to radox active 
ferrocene species, with electrochemical regeneration by sacrificial Fe(CN)6
4-
 reagent.  
Ultrasensitive detection of a label-free 21-mer complementary DNA sequence of L. 
pneumophila at (~20) fM level can be achieved.  The EAMB biosensor selectively 
differentiates between Legionella pneumophila and two other species and shows 





M. The equally responsive biosensor peak potential provides additionally useful 
quantitative and selective analytical data about the complementary DNA analyte 




 M.  Thus this EAMB biosensor shows high 
sensitivity towards PCR amplicons derived from genomic sequences of Legionella 
using asymmetric method and potential broad applications in DNA-based biosensors 
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   CHAPTER 4 
Electrochemical Nanoporous Alumina Membrane based 
Label free DNA Biosensor for Detection of Legionella 
Pneumophila 
 
4.1 Introduction  
The rapid growth of molecular diagnostics of pathogens needs more accurate, robust 
and cost-effective techniques for detection of specific proteins, antigens antibody and 
nucleic acids. Specific nucleic acids derived from SELEX methods are used as probe 
for detection of specific proteins, antigens and nucleotide sequences of bacteria. 
Detection of specific nucleotide sequences is used to identify microbes and disease 
causing pathogens because of gene variation. Ultrasensitive detection of specific 
nucleotide sequences provides promising applications in the diagnosis of genetic and 
infectious diseases, forensic investigation, and environmental monitoring. Non PCR 
based DNA detection is based on probe target hybridization and observing sensing 
signal corresponding to various coupled techniques e.g. optical, piezoelectric, surface 
plasmonic resonance and electrochemical. These methods of detection require 
minimal sample preparation in contrast to PCR based DNA detection. PCR based 
conventional laboratory tests deal with tedious sample volume preparation and 
require meticulous handing of sample to avoid chances of observing false positive 
results due to unwanted amplification of contaminants. 
 
Among various pathogenic bacteria, Legionella pneumophilla is fatal environmental 
pathogen causes a serious form of pneumonia known as Legionnaires’ disease [1, 2]. 
Rapid diagnosis of this disease is crucial for efficient treatment and patient survival. 
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Hence it is essential to achieve early detection of Legionella species to prevent 
legionellosis and monitor epidemic outbreaks. Several diagnostic tools have been 
developed for the detection of Legionella pneumophila till date. Current methods are 
based on culture techniques, but these are time consuming and require at least 3 to 10 
days in sampling. Additional problems with culture detection include low sensitivity, 
microbial contamination inhibiting Legionella growth, and the potential presence of 
viable but nonculturable bacteria (VBNC) [3, 4]. Methods based on direct detection, 
combining immunofluorescent labelling (IF) or fluorescent in situ hybridization 
(FISH) with detection by epifluorescence microscopy or flow cytometry allow a 
more rapid detection of Legionella cells and avoid most of the problems encountered 
with culture [5-8]. Alternatively, PCR-based assays have been developed for 
Legionella but remain limited mainly because of (i) the potential presence of PCR 
inhibitors, (ii) the lack of information on the viability of cells, and (iii) the low 
sensitivity for the quantification of cells direct fluorescent antibody (DFA) stain of 
sputum [9, 10], an indirect immunofluorescence assay (IFA) on serum, and a urine 
legionella antigen (ULA) assay are also used to detect Legionella sp[11-13]. 
However, the above methods are tedious and time-consuming, expensive for mass 
screening, and characterized by low levels of sensitivity and specificity. More 
recently, diagnostic polymerase chain reaction (PCR) and real-time PCR assays 
based on nucleic acid amplification have been used [14, 15]. However, the analysis 
still takes several hours, and this approach requires highly meticulous handling and 
sophisticated instrumentation to conduct the assays. These characteristics are 
potential drawbacks in the design of field-based portable devices for the diagnosis of 
Legionella pneumonia in large populations. However in recent some battery operated 
PCR devices are commercially available in the market.  Zelada-Guillen et al have 
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used nanotube modified glassy carbon electrode to detect pathogenic microbes [16]. 
Nanoscale materials offer excellent physical, electronic, optical and chemical 
properties entirely different from their corresponding bulk materials [17]. This 
unique property of nanomaterials offer excellent prospect for developing bio-
electronic and transducer based sensing devices. Electronic transport and mobility 
changes significantly from going bulk to nanoscale materials because of high surface 
to volume ratio. Therefore in the case of nanoscale materials electronic conductance 
is strongly influenced by chemical or physical adsorption of macromolecules.  In 
bioelectronic sensing devices efficient signal acquisition is key parameters for its 
performance. For efficient signal acquisition, signal amplification strategy is also 
exploited to improvise sensing performance.  Nanoscale materials based biosensing 
device outperform the thin film surface based devices because of its efficient surface 
and high aspect ratio property.  The nanoscale materials can load high concentration 
of molecular probes because of large surface area. Among nanoscale materials, 
porous nanometrials offer quite high surface area and aspect ratio. Thus this unique 
property is exploited to develop electrochemical biosensor to further lower the 
sensitivity and detection limit.   
 
Nanoporous membranes have been used for sensing detection of proteins, cells, virus 
and oligonucleotides [18-22]. Li S.J. et al have demonstrated real time biosensor 
based on morpholino-modified porous anodic alumina membrane for label free 
detection of DNA with in nanochannels, based on electrostatic obstruction of the 
diffusion of redox species, ferricyanide which is detected by gold film 
electrochemical detector sputtered at the end of nanochannels [23]. Kang M. and 
Martin C.R. et al have developed protein microarrays based on nanopore alumina 
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membranes that contain silica nanotubes within the pores. Thus such nanopore 
alumina membranes are used as supports for array-based protein sensing. These 
microarrays are constructed via a plasma-etch method using a TEM grid as the etch 
mask and consist of individual nanotube-containing microwells imbedded in a Ag 
film that coats the alumina membrane surface [18]. Ming Soon et al have shown the 
strategy to detect E. coli cells by monitoring the nanoporous membrane-based 
biosensor’s faradic current response towards a redox species, which is sensitive 
towards the formation of immunocomplexes which block the movement of the redox 
species.  These biosensors have shown ultrasensitivity for even protein and whole 
virus by monitoring the faradic current of redox species ferrocene at the membrane 
electrode interface [19]. Nguyen Binh et al have developed membrane-based 
electrochemical nanobiosensor sensitive towards whole viral particles. This 
biosensor showed highly specific sensing of the WNV particle that was readily 
achieved in a complex medium, blood serum containing other proteins. 
Submicrometer thick nanoporous alumina membrane structure was fabricated over a 
platinum electrode by electrochemical anodization for incorporation of specific 
antibodies to bind virus [20]. 
Zairi S. et al have used porous silicon as a potentiometric transducer for metal ion 
detection. Oxidized porous silicon (PS) as a transducer material can be used for 
sodium ion sensor application [24]. Nernstian behaviour of the porous material 
changes towards the concentration of sodium ions in contact.  Interesting solid state 
bio-functionalized nanopores biosensor have been developed to detect 
complementary target molecules present in solution, using electrophoretically drawn 
movement through the nanometric channel [22]. V Mussi et al have developed 
biosensor device based on bio-functionalized SiN nanopores for interaction of probe 
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molecules embedded in to the pores and the target analyte [21]. Binding of probe -
target inside the nanochannels modulate the ionic conductance which are monitored 
as parameter for selective recognition event.  Pavel Takmakov et al have 
demonstrated the use of anodized alumina as a suitable substrate for detection of 
biological molecules because of drastic increase in effective surface area in 
comparison to thin films.  Anodized alumina offers promising amino silane 
immobilization chemistry for attachment of aminated probe [25]. Hydrothermally 
shrunk alumina nanopores have been utilized to develop impedance based biosensor 
for detection of DNA [26]. Hybridization of target DNA with a complementary 
ssDNA covalently immobilized inside the nanopores causes an increase in 
impedance by more than 50% while a noncomplementary ssDNA has no measurable 
effect. 
Ivan Vlassiouk et al have shown use of anodized nanoporous alumina filters for 
separation and detection of DNA. This method relies on utilizing UV and IR 
absorption for direct detection of unmodified DNA, but other detection techniques 
fluorescence and electrochemical can be also applied [27]. Lijiang Wang et al have 
demonstrated anodized aluminium oxide membrane based electrochemical biosensor 
to detect DNA sequence of E. coli based on cyclic voltammetry and electrochemical 
impedance spectroscopy [28]. However this anodized aluminium oxide membrane 
based biosensor shows a sensitivity limit of 0.5nM for complementary target DNA 
by polymerase - extending (PE) method. As the hybridization event between the 
probe strand and the complementary can be extended according to the principle of 
complementary base pairing in the presence of TaqDNA polymerase and 
deoxyribonucleotide triphosphates (dNTPs) with the control of reaction temperature. 
115 
 
Herein we use electrochemical methods to detect target DNA analyte of Legionella 
sp because of simple instrumentation, low cost, portability, fast response time and 
low detection limit. However, the detection limit and sensitivity of electrochemical 
biosensors are considerably poorer than fluorescence probes, which can give high 
intensity signal arising from rapid turnover of excited and ground states of 
fluorophore label and a continuous excitation source, thus achieve high signal-to-
noise ratio. Electrochemical detection methods offer high specificity, sensitivity and 
onsite analysis applicability with potential for developing molecular sensing devices. 
Electrochemical detection involves redox species, metal ions enzymes and 
intercalators physically or covalently adsorbed on probe or target. In electrochemical 
biosensors, specific biomarker molecules are coupled to electrochemical platforms 
and selective binding of target analytes are translated into electrochemical signal. 
Binding of target analyte to probe DNA attached on electrode changes the 
electrochemical faradic current, capacitance, resistance and electrical impedance 
property of interface between electrodic surface and electrolyte. In our previous work 
we have shown detection of Legionella sp with probe label with redox sp ferrocene. 
Herein, we demonstrate development of alumina membrane based label free 
electrochemical DNA biosensor for 21-mer analyte DNA sequence detection of 
Legionella pneumophila [29]. Electrochemical anodization of aluminium results in a 
nanoporous multi-channel alumina structure with pore size range from 10 to 150 nm 




[30]. This anodization technique is 
comparatively easier than conventional lithographic methods. We attach 32-mer 
probe DNA sequences covalently into the channels of nanoporous alumina 
membrane based electrode. Nanoporous alumina electrodic structure shows unique 
property of high aspect ratio and high surface area to incorporate specific probe 
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molecules. Binding of target complementary DNA to probe inside nanochannels 
causes changes in ionic conductivity of redox species Fe(CN)6
4-
 through it due to 
blocking of the pores. Ionic conductivity changes through alumina nanopores are 
translated into electrochemical signal using differential pulse voltammetric (DPV) 
technique. The DPV oxidative peak current of Fe(CN)6
4-
 successively drops with 
increase in target complementary DNA concentration which is consistent with 
increase in resistance value obtained from electrochemical impedance spectroscopy 
(EIS). This nanoporous alumina based DNA biosensor is easy to prepare and shows 
low detection limit (~10
-13
 M) with wide linearity range of 7-8 orders which are 
similar to other amplified electrochemical biosensors. Apart from low detection 
limit, the nanoporous alumina based DNA biosensor selectively differentiates one 
and three base pair mismatches.  
 
4.2 Materials and Methods 
4 2.1 Reagents 
DNA probe sequence of Legionella pneumophila ( 5’-NH2(CH2)6 TCGA TAC TCT 
CCC CGC CCC TT T TGT ATCGACG- 3’) complementary target sequence (5’-
ACA AAA GGG GCG GGG AGA GTA-3’), single nucleotide mismatch target 
sequence (5’-ACA AAA GGAGCG GGG AGA GTA-3’), three nucleotide mismatch 
target sequence (5’-GCA AAA GGG GCG GGG AGA GGG-3’), potassium 
hexacyanoferrate (II) trihydrate, potassium hexacyanoferrate (III), chromic acid, 
phosphoric acid (85%), 3-aminopropyltrimethoxysilane (APS), glutaraldehyde 
(25wt% solution in water), propylamine, sodium chloride, platinum wire 99.99% (76 
µm diameter), 1.0 M tris (2-carboxy-ethyl) phosphine hydrochloride (TRIS buffer) of 
pH 7.0, were obtained from Sigma Aldrich. All target analyte DNA solutions were 
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prepared using 1.0 M TRIS buffer pH 7.0. 1M and 1 X phosphate buffer saline (PBS) 
solution (pH 7.2) was obtained from 1st Base. Alumina powder (1µm and 0.3µm) 
were purchased from Allied High Tech Products, Inc. Epoxy structural adhesive DP 
760 was obtained from 3M Technologies (S) Pte Ltd. Alumina target 999.999% 
purity was obtained from Optoelectron Technologies. All reagents were used as 
received, unless otherwise stated.  
4.2.2 Procedure for analyses of DNA targets  
 The nanoporous alumina based DNA biosensor was thermostated in the 
complementary target solution at 45 
o
C. The biosensor was subsequently rinsed with 
ultrapure water to remove any unhybridized target, followed by electrochemical 
measurements at room temperature. Electrochemical measurements were performed 
using CV, DPV and EIS techniques, DPV signal was recorded of bare alumina 
electrode followed by its successive modification with probe DNA and aftermath 
hybridization with complementary target to investigate electrochemical response of 
the biosensor. To avoid false positive signal response owing to loss of DNA probes 
from the biosensor during the heating cycle, the biosensor was subjected to 
preconditioning step of a continuous series of heating cycles in the absence of 
complementary DNA target. Therefore, the biosensor preparation procedure 
comprises a final pre-conditioning step of three consecutive heating cycles of 75 
o
C, 
30 min each, to ensure reproducible biosensor responses before use. To achieve 
selective discrimination of target DNA analyte with one and three base mismatch, the 
biosensor was thermostated at 57
 o
C for 30 min followed by taking out biosensor 
from thermostat solution and allowing it to cool down up to room temp, rinsing in 
ultrapure water followed by electrochemical measurements. Melting/ hybridization 
temperature of target analyte DNA of one and three base mismatch (44
 o





respectively) was suitably exploited in thermostatic incubation to obtain selective 
discrimination against complementary target. Nanoporous alumina membrane based 
biosensor was also tested against 157 base amplicon genomic sequence of Legionella 
pneumophila sample derived from asymmetric PCR method. PCR products were 
subsequently diluted by 10 fold up to three serial dilutions for detection by the 
biosensor. Non amplified genomic sequences are longer DNA sequences whose 
detection would be attempted in future work.  As here short strand DNA are used as 
probe on electrodic surfaces and binding of complementary are recorded as 
electrochemical signal, so for detection of non amplified longer DNA sequences 
relatively longer probe should be used to immobilize on electrodic surfaces to 
observe electrochemical signal corresponding to selective binding. The aim of study 
is to electrochemically translate the conformational dynamics of probe DNA 
followed by its hybridization with complementary target into meaningful 
electrochemical signal on electrodic surface and trying out detection of successively 
longer DNA sequences. 
4.2.3 Construction of Nanoporous alumina membrane-based DNA biosensor  
Figure 4.1 shows the fabrication design and operating principle of nanoporous 
alumina membrane based DNA biosensor. Homemade electrodes were fabricated 
using chemical resistant epoxy resin (RS Components Pte Ltd), micropipette tips and 
99.99% platinum wire (76 μm diameter, Sigma Aldrich). The platinum wire was 
aligned in the center of the micropipette tips and sealed within epoxy resin. The 
platinum wire was subsequently soldered to a copper wire and the connection was 
sealed with epoxy resin. The fabricated platinum wire electrodes were polished with 
1.0 μm and 0.3 μm diameter alumina slurry and sonicated in ultrapure water (with 
resistivity of more than 18 Ω). Sub-micrometer thick aluminium films were sputter 
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coated over the platinum electrodes using 99.999% purity aluminium target, Denton 
discovery® 18 Sputtering System and sputtering power of 100W in an atmosphere of 
research-grade Ar at 5 × 10
-3
 Torr. Anodization of aluminium coated electrodes was 
conducted using a previously described method of surface contact anodization [30]. 
Figure 4.2 shows SEM images of anodized nanoporous alumina on Pt wire before 
and after etching in 3 % phosphoric acid.  
 
 
        
Figure 4.1 Scheme of construction and operation for nanoporous alumina membrane 























Figure 4.2 SEM of an (A) unetched nanoporous alumina electrode and (B),(C) its 
alumina surface after 15 min etching in 3% phosphoric acid (D) and EDS plot of 
nanoporous alumina electrode sample. 
 
 
5’-aminated 32- mer DNA probes were covalently attached onto nanoporous alumina 
using glutaraldyhyde cross linking [27].  The nanoporous alumina electrodes were 
immersed in 5% APS solution for an hour and dried in vacuum oven for 30 minutes 
at 45
o
C after thorough washing with acetone and drying with argon. APS activated 
naonoporous alumina electrodes were immersed in glutaraldehyde for 12 hours, 
A 
1 m 500 nm
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followed by thorough washing with ultrapure water and drying with argon. ~50 µL 
of 100 µM of 5’ aminated DNA probe solution was added onto the surface and kept 
at high humidity overnight . The electrodes were subsequently rinsed with 1M NaCl 
to remove any non-specific adsorbed DNA and dried in argon. Few drops of 10
-6
 M 
of propylamine was added onto the nanoporous alumina electrodes and left for 6 
hours to neutralise excess glutarldehyde and facilitating efficient hybridization with 
complementary target during thermostatic incubation. Followed by, thorough 
washing of the electrodes was performed using ultrapure water and then dried in 
argon.  
4.2.4 Electrochemical Measurements  
Electrochemical behaviours of the alumina modified electrodes were investigated 
using cyclic voltammetry (CV) and differential pulsed voltammetry (DPV) 
techniques (CHI 750 potentiostat/galvanostat, data acquisition software) in the 
presence of 1.0 mM Fe(CN)6
4-
 in 1M 1X phosphate buffer solution, pH 7.2 using 
three electrode system. The nanoporous alumina pipette electrode biosensor was used 
as working electrode and all potentials and currents were measured with respect to 
the Ag/AgCl (1.0M KCl) reference electrode and Pt gauze counter electrode. 
Differential pulse voltammetry was carried out using 50 ms pulse width, 50 mV 
pulse height, pulse period of 200 ms and potential increment of 1 mV and CV was 
recorded in potential window of - 0.1 to 0.7V with scan rate of 50mv/sec (as shown 
in figure 4.3). Electrochemical impedance spectroscopy (Auto lab with Nova 
software) measurements were performed in 1 X phosphate buffer saline (PBS) 
solution (pH 7.2) in the presence of Fe (CN)6
3-/4- 





Figure 4.3 Electrochemical measurements across nanoporous alumina membrane 
based electrochemical biosensor (working Electrode) immersed along with platinum 
gauge (counter electrode) and Ag/AgCl in 1.0 M KCl electrode (reference electrode) 
in solution of 1mM Fe(CN)6
4-




4.3 Results and discussion 
4.3.1 Electrochemical characterization of Nanoporous alumina membrane based 
DNA biosensor from Cyclic Voltammetry (CV) 
Nanoporous alumina membrane structure resulted after electrochemical anodization 
over Pt single wire electrode (diameter 76 µm) acts as suitable substrate for single 
stranded DNA probe immobilization. Figure 4.4 shows cyclic voltammograms of 
bare nanoporous alumina membrane electrode, its subsequent modification with 




Figure 4.4 Cyclic voltammograms of bare nanoporous alumina membrane based 
electrode (a), modified electrode with probe (b) and treatment of modified electrode 
with complementary target (c)  in the presence of  redox species (1mM Fe(CN)6
4-
 in 
1X PBS).  
 
in the presence of redox species (1mM Fe(CN)6
4-
 in 1X PBS ). As can be seen peak 
current in CV decreases from bare electrode to modified electrode with probe DNA 
due to blocking of redox species along the wall of nanochannels. Thus mass transfer 
of redox species are restricted to access Pt electrode for electrochemical 
communication as faradic current in cyclic voltammogram depends on the 
concentration of redox species. Treatment of modified electrode with complementary 
target DNA leads to further decrease in peak current of cyclic voltammogram due to 
further increase in blocking the wall of nanochannels after probe complementary 
hybridization. Thus nanochannels structure over Pt electrode are suitably exploited to 
detect label free DNA in contrast to label DNA detection where additional tedious 
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synthetic steps are required to label either probe or target analyte DNA. However 
because of large capacitive currents in potential cycling of nanoporous membrane 
electrode limits the extraction of reproducible peak currents with different 
concentrations of target analyte and offering challenge for ultrasensitive detection of 
DNA using cyclic voltammetry. 
 
4.3.2 Nanoporous alumina membrane based DNA biosensor signal derived from 
Differential Pulse Voltammetry (DPV) 
Figure 4.5 (A) shows DPV peak currents of bare nanoporous alumina electrode, 
modified electrode with probe DNA and different concentration of complementary 
analyte solution. Differential pulse voltammetry technique excludes large capacitive 
currents in comparison to non pulsed voltammetry technique. Thus DPV technique 
facilitates signal acquisition corresponding to even at lower concentration of target 
analyte. Successive drop in differential oxidative peak currents are observed with 
increase in concentration of complementary analyte over wide concentration range. 
This drop in oxidative peak current is attributed to complementary and probe 
hybridization inside the alumina nanochannels. These nanochannels are of 
subnanometer dimension and diffusion of redox species from bulk solution to 
sensing Pt single wire electrode through these nanochannels are influenced in 
presence of complementary target. Thus in the presence of complementary target, 
diffusion of redox species are blocked along the nanochannels and hybridization 
events are sensed as drop in oxidative peak current of redox species across Pt 
electrode. Figure 4.5 (C) shows DPV current response of bare nanoporous alumina 
electrode and towards 1μM DNA sample to investigate nonspecific interaction. As it 
can be seen drop in peak current is very significant in fig 4.5 (A) when nanoporous 
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alumina electrode immobilized with probe DNA sequence are incubated in same 
concentration of DNA ssample to achieve sequence specific interaction. Thus it 
confirms there could be very limited effect of non specific binding of DNA at the 
surfaces of nanoporous alumina electrode and even that would be seen at very high 
concentration range. 
Figure 4.6 shows the impedance spectra Nyquist Plot of bare nanoporous alumina 
membrane electrode, modified electrode with probe and modified electrode treated 




 M. EIS is used to investigate 
the changes in electrical property associated with nanoporous alumina membrane 
electrode surface modification and subsequent treatment with complementary 
solution. Equivalent circuit [(RC)(RC)(QC)] is used to fit the raw data of frequency 
scan with electrical elements R charge transfer resistance, Q constant phase element 










Figure 4.5 (A) Differential pulse voltammetry current signal response of bare 





 M. DPV currents were offset to 0 nA to allow comparison of results and all 
measuring solutions contain 1X, pH 7.2 PBS electrolyte solution (B) Averaged 
normalized current signal response best fitted linearly with log C of complementary 
solutions. Error bars and points represent average standard deviations derived from 
single biosensor with three consecutive measurements (C) DPV current response of 




changes with the function of surface modification of nanoporous alumina membrane 
electrode. As can be seen from the fitted equivalent Nyquist plot R value  
successively increases 10 fold from bare electrode (11.9 kΩ) to modified electrode 
(112 kΩ) due to probe immobilization along the nanochannels and restricting access 
of redox species to single wire Pt electrode. Moreover, treatment of modified 





 M, further increases the resistance value from 
222 kΩ to 254 kΩ respectively consistent with our observed differential oxidative 
peak currents response at nanoampere scale as shown in figure 4.5(A). 
 
Figure 4.6 Impedance spectra Nyquist Plot of bare nanoporous alumina membrane 
electrode, modified electrode with probe and modified electrode treated with 









4.3.3 Analytical performance  
Figure 4.5 (B) shows the plot of biosensor current signal responses versus the 
logarithm of complementary ssDNA target concentration in 1 mM Fe(CN)6
4−
 of 
supporting electrolyte 1X PBS buffer (pH 7.4). Linear decrease in normalized DPV 
current signal response against complementary ssDNA target concentration is 






= 0.98). The detection limit 
of electrochemical nanoporous alumina membrane based DNA biosensor is 
determined from the minimum complementary analyte concentration which gives a 
signal reduction equivalent to three times the standard deviation of signal in the 
absence of complementary. The low detection limit of 3.132×10
-13
 M outperforms 
those using PCR based DNA detection. Moreover, rapid analysis time of ~ 45 min 
and fairly low detection limits of nanoporous alumina membrane based DNA 
biosensor for a 21 mer DNA sequence of Legionella sp, present significant 
improvement of 5-6 orders over DNA sensor based on colorimetry [31], optical [32] 
and fluorescence [33] and is comparable to non PCR based enzyme amplified [34], 
electrochemically amplified label DNA biosensor [35] and impedimetric biosensor 
[36]. 
4.3.4 Specific response towards target with single base mismatch (MM1) and triple 
bases mismatch (MM3) 
Figure 4.7 shows the normalized current signal response of nanoporous alumina 
based biosensor towards 21 mer complementary target sequence generally found in 
Legionella sp and target analyte with single base mismatch (MM1) and triple bases 
mismatch (MM3). These MM1 and MM3 target sequences are found in in Lens 
strain of L. pneumophila and A. hydrophila, respectively. Significant drop down in 
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normalized current signal response is observed in contrast to target sequence with 
single base mismatch and triple bases mismatch, (as shown in figure 4.7). During 
analysis of the complementary target and target sequence with single base mismatch 
(MM1), the biosensor was thermostated at 45 
o
C, which is fairly lower than melting 
temperature (Tm 62 
o
C) of complementary analyte and higher than melting temp 
(Tm 44 ◦C) of target sequence with MM1 (melting temperatures were calculated 
using nearest neighbour thermodynamics based software biomath Tm calculators). 
Thus complementary target selectively hybridizes with probe immobilized into the 
alumina nanochannels of biosensor and target with MM1 (single base mismatch) 
sequence remains unhybridized.  
 
Figure 4.7 Changes in normalized differential current signal of the biosensor probe 
towards 10
-6 
M 21-mer complementary sequence and target analyte DNA sequence 
with single-base mismatch (MM1), triple bases mismatch (MM3) and non 
complementary sequence respectively. Error bars correspond to standard deviations 




As two complementary strands of DNA remain hybridized at all temperatures lower 
than its melting temperature above which both strands unhybridize and melt away. 
The biosensor was incubated at 58 
o
C with triple bases mismatch target sequence 
MM3 (Tm 57 
o
C), consequently target MM3 does not hybridize with the probe. 
Therefore target sequences with single base mismatch and triple bases mismatch do 
not show significant changes in normalized DPV current signal response in contrast 
to complementary target sequence. In addition, the used biosensor can be regenerated 
with very good reproducible normalized signal response by incubating in a pH 7.0, 
0.5 M Tris buffer for 30 min at 75 
o
C. It is noteworthy to mention that though the 
current signal error is relatively small (5.3% error), because of the logarithmic 
dependence of the concentration range, each measurement gives an error of ca. one 
order of magnitude in the DNA concentration. 
4.3.5 Detection of Legionella pneumophila genomic DNA 
In order to test the applicability of the nanoporous alumina membrane based DNA 
biosensor in real sample analysis, it is challenged with PCR amplicons for Legionella 
genomic DNA. A 157-bp region between position 58 and 78 in the genomic DNA 
(Table 4.1) was selected as the target, with complementary sequence of the probe 
DNA covalently immobilized into the alumina nanochannels of the biosensor. These 
PCR amplicons were derived from Legionella genomic sequences by asymmetric 
PCR method as mentioned in section 3.3.8 of chapter 3. The PCR products were 
subsequently diluted by 10 fold successively up to four serial dilutions for detection 







Figure 4.8 Normalized differential current signal response of biosensor towards 






 M, derived 
from Legionella sp. genomic sequences using asymmetric PCR method. Error bars 
correspond to standard deviations obtained from 3 consecutive DPV measurements. 
 
 
Figure 4.8 (A) shows the nanoporous alumina membrane based biosensor signal 
response towards serially diluted PCR amplicon samples derived from genomic 
sequences of Legionella pneumophila by asymmetric PCR method. Successive 
dropdown in normalized current signal response of biosensor is observed towards 
increasing concentration of ssDNA PCR samples of Legionella sp, and the biosensor 
can be regenerated after exposure to the series of diluted PCR amplicon samples 
using 75 °C, 25-30 min heating cycle, as shown in figure 4.8(B). Thus nanoporous 
alumina membrane based DNA biosensor demonstrates the potential use in detecting 
genomic sequence of pathogens for environmental monitoring. 
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Table 4.1 Sequences for the 157 bp target of Legionella pneumophila, two primers and 
the probe DNA for nanoporous alumina membrane based DNA sensor. 
 Probe DNA     ( 5’-NH2(CH2)6 TCGA TAC TCT CCC CGC CCC TT T TGT 
ATCGACG- 3’) 
Primer 1 :                               5’-TGAAGTGGTGATTGGAGG- 3’ 
Primer 2 :                                5’- GATAGCCATTTGCTTTCC -3’ 
 










The electrochemical nanoporous alumina membrane based label free DNA biosensor 
shows ultrasensitive detection of 21- mer complementary analyte (3.132×10
-13
 M) 





Sensing of  157 bases long genomic DNA sequence of Legionella sp  derived from 
asymmetric PCR method  is also achieved. The biosensor selectively differentiates 
the complementary sequence from target sequences with single base mismatch 
(MM1) and triple bases mismatch (MM3) of different strain of Legionella sp. The 
sensitivity of this biosensor outperforms existing label free DNA biosensor. The 
construction of nanoporous alumina membrane based DNA biosensor is very simple 
and relatively easier to carve nanoporous structure by electrochemical anodization 
than conventional lithography e.g. electron beam or focussed ion beam and sample 
analysis time is around ~ 45 min. Electrochemical biosensing signal is derived only 
from Fe(CN)6
4-  
across single wire Pt electrode in contrast to label DNA sensor and 
amplified DNA sensor where redox active or label is attached in the probe or target 
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                      CHAPTER 5 
Electrochemical Nanoporous Alumina Membrane-based 
Biosensor for Ultrasensitive cDNA detection of Dengue 
Virus RNA  
 
5.1 Introduction 
Dengue virus (DENV), a single-stranded RNA positive-strand mosquito-borne virus 
is of the genus flavivirus which includes the West Nile virus, Tick-borne 
Encephalitis Virus, Yellow Fever Virus, and several other viruses which may cause 
encephalitis. DENV is highly infectious and widespread in tropical and subtropical 
region with epidemic challenge [1]. There are four antigenically different serotypes 
of the virus (DENV1-4).  
Its outer surface is covered with envelope proteins surrounding a lipid bilayer 
envelope. Inside envelope, there is capsid shell that contains viral RNA genome.  
Immune cells are targeted by dengue virures. There are two cell surface receptors 
molecules important in dengue infection. The cognate receptor is involved in normal 
infection and Fc receptor is involved in phenomenon called antibody dependent 
enhancement. The virus envelope protein binds to cognate receptor and triggers the 
process called receptor mediated endocytosis. The virus is internalized into spherical 
structure called endosome. When endosome forms the proton pump lowers the pH of 
the interior, the virus responds to lower pH medium changing the conformation of 
envelope protein into spike like structures.  The tips of spike are hydrophobic allow it 
to penetrate into the membrane of endosomes. They bend until viruses membrane 
fuse together and release the capsid into cytoplasm. Capsid breaks apart and releases 
viral RNA. Viral RNA traverses through rough endoplasmic reticulum and it is 
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positive sense strand, can be directly translated into proteins. The ends of RNA form 
structure that binds to translation initiation proteins. The complex attaches to 
ribosome to initiate translation. The whole viral genome is translated into single large 
poly protein chain. Capsid protein is on the cytoplasm side of endoplasmic reticulum, 
envelope protein and premembrane proteins are in the lumen side and activated by 
host peptidase enzyme. In the cytoplasm one of the viral proteins, a protease enzyme 
activates all the other proteins of poly protein chain.  These proteins aggregate to 
form RNA replication complex.  The viral RNA is synthesized in multiple steps. 
First, the ends of viral RNA folds up and forms a circle then RNA attaches to 
replication complex to start first round of synthesis. Using viruses’ positive sense 
strand as template a negative sense copy is produced and a pair of RNA strands form 
double helix. The RNA then becomes a circle again and this time negative sense 
strand acts as a template to make positive sense strand. Many copies of positive sense 
strands are made by repeated cycle of RNA synthesis. Some of these strands are 
translated to make more viral proteins. Eventually enough proteins are made to 
assemble new virus particles. Envelope proteins aggregate into the lumen of 
endoplasmic reticulum and capsid proteins aggregate in cytoplasm side. A viral RNA 
binds to capsid proteins, this is packaged as new viral particle and buds off into 
endoplasmic reticulum. The virus is still immature and its premembrane proteins 
cover the tips of envelope protein to prevent premature fusion back in the cell.  The 
virus buds off and traverses through Golgi apparatus and continues towards cell 
surface. Before reaching the surface, premembrane proteins are processed and virus 




Dengue virus infection induces long-life protection against the infecting serotype, but 
it gives only a short time cross protective immunity against the other types. The first 
infection causes mostly minor disease, but secondary infections has been reported to 
cause more severe forms of the disease: Dengue hemorrhagic fever (DHF) and 
Dengue shock syndrome (DSS). To contain the effect of epidemic spread of dengue 
infection, its early detection is deemed necessary with follow-up vector control 
measures and a responsive medical support system. Reverse-transcription 
polymerase chain-reaction (RT-PCR) and monoclonal antibody capture-enzyme 
linked immunosorbant assay (MAC-ELISA) are the current laboratory tests used 
worldwide to diagnose dengue infections [2]. However PCR based methods require 
tedious quality control and meticulous handling of biological sample to reduce 
chances of observing false positive results due to unwanted amplification of 
contaminants. Conversely, non-structural dengue proteins, NS1 and specific 
immunoglobulin G (IgG) or M (IgM) dengue antibodies, have been frequently 
preferred as the biomarkers for dengue detection in serological tests which require 
less elaborate sample preparation procedure but are of poorer specificity and 
sensitivity in comparison with PCR methods [2]. 
Nanoporous membrane based biosensors have been used to detect small molecules 
[3-8]. Moretti et al. used silicon nitride based nanopore biosensor to detect DNA 
while monitoring ionic current through pore [9]. Wang and co-workers have used 
chitosan-carbon nanotubes as matrix to attach probe DNA and monitor hybridization 
into electrochemical and fluorescence signal [10]. Ding et al. used aptamer coated 
glass nanopore biosenosor to detect protein immunoglobulin [11].  Recently, 
interesting solid state bio-functionalized nanopores based biosensor to detect 
complementary target molecules present in solution using electrophoretically drawn 
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movement through the nanometric channel has been reported by Mussi et al. [7, 12]. 
PNA modified synthetic ion channels have been used in nanoconfined environment 
for target analyte hybridization and sensing [13]. Notably, gold and alumina 
nanotubule membranes have been extensively applied to detect bioanalytes [14]. 
These nanopores and tublules are functionalized with biomolecular recognition 
element and binding of target analyte with molecular recognition element selectively 
blocks the nanopore leading to decrease in ionic current.
  
Herein we develop electrochemical nanoporous alumina membrane-based biosensor 
for ultrasensitive cDNA detection of dengue virus RNA [15]. Nanoscale porous 
alumina-coated electrode is used for developing sensing surface to detect specific 
sequence of the DENV genome. The unique property of high aspect ratio and high 
surface area of porous nanoelectrodic surface is exploited to increase probe loading 
and extend the limit of detection of target analyte in electrochemical analysis [16-
18]. Electrochemical anodization of aluminium results into a nanoporous multi-





[19]. This anodization technique is comparatively easier than 
conventional lithographic methods. We attach probe DNA molecules covalently in 
the alumina nanochannels which selectively bind to 31 mer specific DENV DNA 
target sequence. Binding of target complementary DNA to probe inside 
nanochannels causes changes in mass transfer of redox species Fe(CN)6
4- 
through  it 
due to blocking of the pores. Mass transfer changes through alumina nanopores are 
translated into electrochemical signal using differential pulse voltammetric technique 
(DPV). DPV oxidative peak current of Fe(CN)6
4-
 successively drops with increase in 
target complementary DNA concentration. This nanoporous alumina based DNA 
biosensor is easy to prepare and shows low detection limit ~10
-12 
M with wide 
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linearity range of 6 orders which are similar to other amplified electrochemical 
biosensors.  Apart from low detection limit, the nanoporous alumina based DNA 
DENV biosensor selectively differentiates one base mismatch in target DENV3 
DNA sequence therefore differentiating DENV1 from DENV3.  
 
5.2 Materials and Methods  
5.2.1 Reagents 
DNA probe  sequence of DENV1  attached on electrode  (5’NH2(CH2)6 GC GGT 
AAC CTC TGA TGA ACA ACC AAC GGA AAA AGA CGG G GTTACCGC -3’), 
target analyte cDNA of DENV1  complementary to the probe  (3'- GAG  ACT ACT 
TGT TGG TTG CCT TTT TCT GCC C -5'), and cDNA of DENV 3 single 
nucleotide mismatch (3'-GAG ACT ACT TGT TGG TTG CCT TCT TCT GCC C -
5'), potassium hexacyanoferrate (II) trihydrate, potassium hexacyanoferrate (III), 
chromic acid, phosphoric acid (85%), 3-aminopropyltrimethoxysilane (APS), 
glutaraldehyde (25wt% solution in water), propylamine, sodium chloride,  platinum 
wire 99.99% (76 µm diameter), 1.0 M tris (2-carboxy-ethyl) phosphine 
hydrochloride (TRIS buffer) of pH 7.0,  were obtained from Sigma Aldrich. All 
target analyte DNA solutions were prepared using 1.0 M TRIS buffer (pH 7). 1M 
and 1 X phosphate buffer saline (PBS) solution (pH 7.2) was obtained from 1st Base. 
Alumina powder (1µm and 0.3µm) were purchased from Allied High Tech Products, 
Inc. Epoxy structural adhesive DP 760 was obtained from 3M Technologies (S) Pte 
Ltd. Alumina target 99.99% purity was obtained from Optoelectron Technologies. 





5.2.2 Procedure for analyses of DNA targets  
The nanoporous alumina based DNA biosensor was thermostated in the 
complementary target (DENV1) solution at 45 
o
C and target with one base mismatch 
(DENV3) at 53
 o
C respectively for 30 min followed by cooling up to room 
temperature to allow complete hybridization.  The biosensor was subsequently rinsed 
with ultrapure water to remove any unhybridized target, followed by electrochemical 
measurements at room temperature.  Electrochemical measurements were performed 
using CV and DPV techniques, DPV signal was recorded of bare alumina electrode 
followed by its successive modification with probe DNA and aftermath hybridization 
with complementary target to investigate electrochemical response of the biosensor. 
In order to test the applicability of the nanoporous alumina membrane based 
biosensor in real human serum sample analysis, it is tested against complementary 
DNA (cDNA) PCR amplicons of dengue virus 1 (DENV1) isolated from DENV1 
infected human serum. A 31 bp region between nucleotide positions 90 and 120 of 
DENV1 genome (NCBI Ref Seq NC_001477.1) was selected as the target sequence 
on the probe of the biosensor (Table 5.1). DENV1 RNA was extracted from a virus 
suspension using the QIAmp viral RNA Mini Kit (Qiagen, Hilden, Germany) 
according to manufacturer’s instructions. DENV cDNA was prepared from the 
extracted RNA using the Superscript™ III first-strand synthesis system (Invitrogen 
Corporation, Carlsbad, USA) according to manufacturer’s guidelines. PCR 
amplification was performed in a Veriti® Dx 96-well thermal cycler (Applied Bio 
systems, Singapore) using primers that flanked the DENV1 genomic region from 19 
to 201 nucleotides. An asymmetric PCR protocol (Forward: Reverse primer ratio = 
1:10) was used to generate an excess of the reverse strand which is complementary to 
the probe sequence. The amplification was performed using the Phusion® Flash 
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high-fidelity PCR master mix (Thermo Fisher Scientific Company, Espoo, Finland) 
as recommended by the manufacturer. The reaction utilized 2 µl of cDNA as the 
template in a protocol as follows; an initial denaturation at 98°C for 30 sec followed 
by 35 cycles of 98 °C for 5 sec, 67 °C for 8 sec, and 72 °C for 10 sec with a final 
extension of 72 °C for 1 min. PCR products were visualized by 1.5% agarose gel 
electrophoresis Fig. 4 (A).  In order to confirm that the amplified products flanked 
the region encoding the probe, several amplicons were sequenced at a commercial 
lab using Big Dye Terminator Cycle Sequencing kit, according to manufacturer’s 
instructions (Applied Biosystems, Foster City, CA, USA). PCR products were 
subsequently diluted by 10 fold up to four serial dilutions for detection by the 
biosensor.  




DENV I  DNA 
Probe 
5’- CTCTGATGAACAACCAACGGAAAAAGACGGG - 3’ 
 
Forward primer : 5’- ACCGACAAGAACAGTTTCAAATCG - 3’ 
Reverse primer : 5’- CCTTTTGAGAATCTCTTCGCCAAC -3’ 










5.2.3 Fabrication of Nanoporous membrane-based DNA biosensor  
The fabrication design and operating principle of alumina membrane based DNA 
biosensor are displayed in figure 5.1 schematic. Homemade electrodes were 
fabricated using chemical resistant epoxy resin (RS Components Pte Ltd), 
micropipette tips and 99.99% platinum wire (76 μm diameter, Sigma Aldrich). The 
platinum wire was aligned in the center of the micropipette tips and sealed within 
epoxy resin. The platinum wire was subsequently soldered to a copper wire and the 
connection was sealed with epoxy resin. The fabricated platinum wire electrodes 
were polished with 1.0 μm and 0.3 μm diameter alumina slurry and sonicated in 
ultrapure water (with resistivity of more than 18 Ω). Sub-micrometer thick 
aluminium films were sputter coated over the platinum electrodes using 99.999% 
purity aluminium target using Denton discovery® 18 Sputtering System and 
sputtering power of 100W in an atmosphere of research-grade Ar at 5 × 10
-3
 Torr. 
Anodization of aluminium coated electrodes was conducted using a previously 
described method of surface contact anodization [19]
. 
 
5’-aminated DNA probes was covalently attached onto nanoporous alumina using 
glutaraldyhyde cross linking [20]. The nanoporous alumina electrodes were 
immersed in 5% APS solution for an hour and dried in vacuum oven for 30 minutes 
at 45
o
C after thorough washing with acetone and drying with argon. APS activated 
naonoporous alumina electrodes were immersed in glutaraldehyde for 12 hours, 
followed by thorough washing with ultrapure water and drying with argon. ~50 µL 
of 100 µM of 5’ aminated probe DNA probe solution was added onto the surface and 
kept at high humidity overnight. The electrodes were subsequently rinsed with 1M 
NaCl to remove any non-specific adsorbed DNA and dried in argon. Few drops of 
10
-6
 M of propylamine was added on to the nano porous alumina electrodes and left 
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for 6 hours. to neutralise excess glutarldehyde and facilitating efficient hybridization 
with complementary target during thermostatic incubation.  Followed by, thorough 
washing of the electrodes was performed using ultrapure water and then dried in 
argon.  
5.2.4 Electrochemical Measurements  
Electrochemical behaviours of the alumina modified electrodes were investigated 
using cyclic voltammetry and differential pulsed voltammetry (DPV)  techniques 
(CHI 750 potentiostat/galvanostat, data acquisition software) in the presence of 1.0 
mM Fe(CN)6
4-
 in 1M, 1X  phosphate buffer solution, pH 7.4 using three electrode 
system. The nanoporous alumina pipette electrode biosensor was used as working 
electrode and all potentials and currents were measured with respect to the Ag/AgCl 
(1.0M KCl) reference electrode and Pt gauze counter electrode.   Differential pulse 
voltammetry was carried out using 50 ms pulse width, 50 mV pulse height, pulse 
period of 200 ms and potential increment of 1 mV and CV was  recorded in potetinal 
window of - 0.1 to 0.7V with scan rate of 50mv/sec. 
5.3 Results and Discussion 
5.3.1 Biosensing mechanism and Sensing signals derived from differential pulse 
voltammetry (DPV)  
As Dengue virus genome is single stranded RNA genome, therefore unique 31 mer 
ssDNA complementary sequences of DENV1 and DENV3 RNA genome were 
selected as target analyte for electrochemical detection. In the following, we 
nvestigate the mass transfer of redox species Fe(CN)6
4-
 inside the nanopores as 
shown in figure 5.1 using the DPV method.  Significant changes in DPV signal are
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observed when the DNA probe is attached within the pores and when complementary 
targets are bound inside the alumina nanochannels.  In addition, Figure 5.2 shows 
drop down in the differential oxidative peak current of Fe(CN)6
4- 
with increase in 
target concentration of DNA over wide concentration range. We attribute this to 
target DNA (~3-5nm size) binding to probe DNA chemically immobilized inside the 
alumina nanochannels minimizes the pore size resulting in the decrease of mass 
transfer of redox species Fe(CN)6
4-
 towards the sensing electrode. It is equally 
possible that in this complementary binding event, the resulting double helix DNA 
structure holds more negative charge which repels Fe(CN)6
4-
 resulting in less 
accessibility to the sensing electrode. However, when the experiment is repeated with 
neutral redox species, ferrocenemethanol, decreasing DPV current signals of the 
biosensor were observed after incubation with increasing complementary DNA 
targets (Plot not shown).  Thus decrease in DPV peak current is seen as selective 
binding of target with probe DNA. 
 
Figure 5.1 Scheme of construction and operation for nanoporous alumina membrane 




Figure 5.2 Differential pulse voltammetry current signal response towards increasing 








 M. DPV 
currents were offset to 0 nA to allow comparison of results and all measuring 
solutions contain 1X , pH 7.4 PBS electrolyte solution. 
 
5.3.2 Analytical performance  
Figure 5.3 (A) shows the plot of biosensor current signal responses versus the 
logarithm of complementary ssDNA target concentration in 1 mM Fe(CN)6
4−
 







 = 0.98) for DPV current signal response was obtained. 
Detection limit was determined from the minimum DNA concentration which caused 
the change in DPV current signal response equivalent to three times the average 
background noise in the absence of DNA target. Detection limits for a 31-mer DNA 
sequence of DENV 1 was 9.55×10
-12
 M, present significant improvement of 5–6 
orders over DNA sensors based on colorimetry, optical and fluorescence [21-23].  
Figure 5.3 (B) shows the plot of normalized DPV current signal response of different 
biosensors 1, 2 and 3 towards identical complementary analyte (10
-06 
M 
concentration).  Three different biosensors show standard deviation of 3.4% in 
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Figure 5.3 (A) Averaged normalized current signal response best fitted linearly with 
log C of complementary target. Error bars and points represent average standard 
deviations derived from single biosensor with three consecutive measurements (B) 
Normalized DPV current signal response of different biosensors 1, 2 and 3 towards 
identical complementary analyte at 10
-6 
M concentration. Error bars correspond to 




5.3.3 Specific response towards one base-pair mismatch of DENV3 sequence 
Figure 5.4 shows the normalized current signal response of nanoporous alumina 
based biosensor towards target containing DNA sequence commonly found in 
DENV1 with exactly complementary and DENV3 with single-base  mismatch in 
middle position, respectively. These figures of merit including a relatively rapid 
analysis time of 45 min presents a significant improvement in DNA detection limits 
over existing non-PCR methods and is comparable to state of art enzyme based 
amplified E-DNA sensor, electrochemically amplified DNA sensor and impedimetric 
DNA sensor[24-26]. It is noteworthy to mention that though the current signal error 
is relatively small (5% error), because of the logarithmic dependence of the 
concentration range, each measurement gives an error of ca. one order of magnitude 
in the DNA concentration. 
 
Figure 5.4 Changes in normalized differential current signal of the biosensor probe 
towards 10
-8
 M 31-mer complementary target sequence (DENV 1) and single-base 
mismatch target sequence (DENV3) respectively. Error bars correspond to standard 




During analysis, the complementary target (DENV1) was thermostated with 
biosensor at 45◦C, which is fairly lower than Tm 63 ◦C melting temperature 
calculated using nearest Neighbour thermodynamics based software (biomath Tm 
Calculators). For the sequence with one mismatch in the middle position, Tm (53
 o
C) 
is also lower than the complementary sequence. To achieve selective discrimination 
of target DNA analyte with one base mismatch, the biosensor was thermostated at 53 
o
C for 30 min. Two complementary strands of DNA will be stacked/hybridized with 
each other at all temperature lower than its melting temperature above which both 
strands will be unhybridized and melts away. Melting/ hybridization temperature of 
target analyte DNA of one base mismatch (Tm 53
 o
C respectively) was suitably 
exploited in thermostatic incubation to obtain selective discrimination against 
complementary target. The complementary target (DENV1) and sequence with one 
nucleotide mismatch (DENV3) can be easily differentiated, which demonstrates this 
nanoporous alumina membrane based biosensor is fairly selective down to single 
nucleotide mismatch (as shown in figure 5.4). Therefore biosensor shows high 
specificity and selectivity up to one base mismatch in target analyte DNA sequence. 
5.3.4 Regeneration of Biosensors with subsequent heating 
Figure 5.5 shows the DPV current (A) and normalized signal response (B) of one 
biosensor, its subsequent binding with identical complementary analyte solution 10
-6
 
M and its responses after two regeneration cycles.  As can be seen that DPV peak 
current drops  when complementary target binds, and in case of heating at 75 ◦C 
biosensor DPV currents increases significantly  up to approximately initial signal 
response value that is consistent with unbinding of complementary with probe 
attached into the nanochannels of alumina membrane structure. DPV peak signal 







Figure 5.5 (A) Differential pulse voltammetry current signal response of (a) BS, 
biosensor  (b) Comp-BS, biosensor towards complementary analyte 10
-06
M  (c) R1, 
Regenerated biosensor after first heating cycle (d) Comp-R1,first regenerated 
biosensor towards complementary analyte 10
-06
M  (e) R2, Regenerated biosensor 
after second heating cycle. (f) Comp-R2, second regenerated biosensor towards 
complementary analyte 10
-06
M. DPV currents were offset to 0 nA to allow 
comparison of results and all measuring solutions contain 1X, pH 7.2 PBS electrolyte 
solution. (B) Normalized DPV current signal response of biosensor, first regenerated 
and second regenerated biosensor towards identical complementary analyte 10
-06
M. 
Error bars correspond to standard deviations obtained from 3 consecutive DPV 
measurements.        
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regenerated biosensor. Subsequently the same biosensor is subjected to second 
regeneration cycle and its DPV peak current is lower than its first regenerated signal 
because of possible electrode surface fouling while heating. However ratio of DPV 
signal response after complementary binding versus biosensor with unhybridized 
probe remains almost constant at 4.9 -5.4. Thus, the used biosensor can be 
regenerated up to 2-3 cycles with very good reproducible normalized signal response 
by incubating in a pH 7.0, 0.5 M Tris buffer for 30 min at 75 ◦C. After three 
regeneration cycles, the porous alumina structure tends to dislodge from the 
electrode.   
5.3.5 Detection of PCR amplicons DNA sample derived from DENV1 genomic 
RNA 
Figure 5.6 (A) shows gel electrophoresis picture of 183bp amplicon derived from 
DENV1 genome using asymmetric PCR method. Figure 5.6 (B) shows normalized 
differential current signal response of nanoporous alumina membrane based 
biosensor towards cDNA PCR amplicons sample, derived from DENV1 genomic 
sequence RNA using asymmetric PCR method. To challenge the performance of the 
nanoporous alumina based DNA biosensor, it was tested against cDNA PCR 
amplicons sample. As can be seen in figure 5.6 (B) there is successive dropdown in 
normalized current signal response of biosensor towards increasing concentration of 
cDNA PCR samples of DENV1. The biosensor can be regenerated after exposure to 
the series of diluted PCR amplicon samples using 75◦C, 25-30 min heating cycle. 
This demonstrates the potential use of the method in monitoring pathogens that may 












Figure 5.6 (A) Electrophoresis analysis of the 183 bp region of DENVI amplified 
using asymmetric PCR. (B) Normalized differential current signal response of 









derived from DENV1 genomic sequence using asymmetric PCR. Error bars 






The biosensor shows excellent performance towards complementary target analyte 
and genomic DNA derived from PCR with wide linearity and high specificity down 
to one base mismatch. Its preparation is very simple and relatively easy to carve 
nanostructure than conventional lithography e.g. electron beam or focussed ion 
beam. This biosensor exploits only Fe(CN)6
4-
 to derive DPV  sensing signal  in 
contrast to other amplified sensing mechanism where redox species are labelled or 
attached in the probe DNA where additional synthetic and purification steps are 
included.      
 
References 
1. Lee, K. S.;Lo, S.;Tan, S. S. Y.;Chua, R.;Tan, L. K.;Xu, H.;Ng, L. C., Dengue 
virus surveillance in Singapore reveals high viral diversity through multiple 
introductions and in situ evolution. Infection, Genetics and Evolution, 2012. 
12(1): p. 77-85. 
2. Mackay, I. M., Real-time PCR in the microbiology laboratory. Clinical 
Microbiology and Infection, 2004. 10(3): p. 190-212. 
3. Nguyen, B. T. T.;Koh, G.;Lim, H. S.;Chua, A. J. S.;Ng, M. M. L.;Toh, C.-S., 
Membrane-Based Electrochemical Nanobiosensor for the Detection of Virus. 
Analytical Chemistry, 2009. 81: p. 7226-7234. 
4. Kang, M.;Trofin, L.;Mota, M. O.;Martin, C. R., Protein capture in silica 
nanotube membrane 3-D microwell arrays. Analytical Chemistry, 2005. 
77(19): p. 6243-6249. 
157 
 
5. Cheng, M. S.;Lau, S. H.;Chow, V. T.;Toh, C. S., Membrane-based 
electrochemical nanobiosensor for Escherichia coli detection and analysis of 
cells viability. Environmental Science & Technology, 2011. 45(15): p. 6453-
6459. 
6. Zairi, S.;Martelet, C.;Jaffrezic-Renault, N.;Lamartine, R.;M'Gaieth, 
R.;Maaref, H.;Gamoudi, M.;Guillaud, G., Porous silicon as a potentiometric 
transducer for ion detection: effect of the porosity on the sensor response. 
Appllied Surface Science, 2001. 172: p. 225-234. 
7. Mussi, V.;Fanzio, P.;Repetto, L.;Firpo, G.;Stigliani, S.;Tonini, G. P.;Valbusa, 
U., DNA-Dressed NAnopore for complementary sequence detection. 
Biosensors and Bioelectronics, 2011. 29(1): p. 125-131. 
8. Takmakov, P.;Vlassiouk, I.;Smirnov, S., Hydrothermally shrunk alumina 
nanopores and their application to DNA sensing. Analyst, 2006. 131(11): p. 
1248-1253. 
9. Moretti, M.;Di Fabrizio, E.;Cabrini, S.;Musetti, R.;De Angelis, F.;Firrao, G., 
An ON/OFF biosensor based on blockade of ionic current passing through a 
solid-state nanopore. Biosensors and Bioelectronics, 2008. 24(1): p. 141-147. 
10. Wang, Q.;Shi, J.;Ni, J.;Gao, F.;Weng, W.;Jiao, K., DNA hybridization 
biosensor using chitosan-carbon nanotubes composite film as an 
immobilization platform and [Cu(bpy)(MBZ) 2(H2O)] (bpy = 2,2'-bipyridine, 
MBZ = p-methylbenzoate) as a novel redox indicator. Electrochimica Acta, 
2011. 56(11): p. 3829-3834. 
11. Ding, S.;Gao, C.;Gu, L. Q., Capturing single molecules of immunoglobulin 
and ricin with an aptamer-encoded glass nanopore. Analytical Chemistry, 
2009. 81(16): p. 6649-6655. 
158 
 
12. Mussi, V.;Fanzio, P.;Repetto, L.;Firpo, G.;Scaruffi, P.;Stigliani, S.;Menotta, 
M.;Magnani, M.;Tonini, G. P.;Valbusa, U., Electrical characterization of 
DNA-functionalized solid state nanopores for bio-sensing. Journal of Physics 
Condensed Matter, 2010. 22(45): p. 225-234. 
13. Ali, M.;Neumann, R.;Ensinger, W., Sequence-specific recognition of DNA 
oligomer using peptide nucleic acid (PNA)-modified synthetic ion channels: 
PNA/DNA hybridization in nanoconfined environment. ACS Nano, 2010. 
4(12): p. 7267-7274. 
14. Martin, C. R.;Siwy, Z. S., Learning nature's way: Biosensing with synthetic 
nanopores. Science, 2007. 317(5836): p. 331-332. 
15. Rai, V.;Hapuarachchi, H. C.;Ng, L. C.;Soh, S. H.;Leo, Y. S.;Toh, C.-S., 
Ultrasensitive cDNA Detection of Dengue Virus RNA Using Electrochemical 
Nanoporous Membrane-Based Biosensor. PLoS ONE, 2012. 7(8): p. e42346. 
16. Ekanayake, E.;Preethichandra, D. M. G.;Kaneto, K., Polypyrrole nanotube 
array sensor for enhanced adsorption of glucose oxidase in glucose 
biosensors. Biosensors and Bioelectronics, 2007. 23(1): p. 107-113. 
17. Heilmann, A.;Teuscher, N.;Kiesow, A.;Janasek, D.;Spohn, U., Nanoporous 
aluminium oxide as a novel support material for enzyme biosensors. Journal 
of Nanoscience and Nanotechnology, 2003. 3(5): p. 375-379. 
18. Koh, G.;Agarwal, S.;Cheow, P. S.;Toh, C. S., Development of a membrane-
based electrochemical immunosensor. Electrochimica Acta, 2007. 53(2): p. 
803-810. 
19. Koh, G.;Agarwal, S.;Cheow, P. S.;Toh, C. S., Characterization of the barrier 
layer of nanoporous alumina films prepared using two different contact 
configurations. Electrochimica Acta, 2007. 52(8 SPEC. ISS.): p. 2815-2821. 
159 
 
20. Vlassiouk, I.;Krasnoslobodtsev, A.;Smirnov, S.;Germann, M., "Direct" 
detection and separation of DNA using nanoporous alumina filters. 
Langmuir, 2004. 20(23): p. 9913-9915. 
21. Bockisch, B.;Grunwald, T.;Spillner, E.;Bredehorst, R., Immobilized stem–
loop structured probes as conformational switches for enzymatic detection of 
microbial 16S rRNA. Nucleic Acids Research 2005. 33: p. e101. 
22. Wei, F.;Chen, C.;Zhai, L.;Zhang, N.;Xin, S. Z., Recognition of single 
nucleotide polymorphisms using scanning potential hairpin denaturation. 
Journal of the American Chemical Society, 2005. 127(15): p. 5306-5307. 
23. Du, H.;Disney, M. D.;Miller, B. L.;Krauss, T. D., Hybridization-based 
unquenching of DNA hairpins on Au surfaces: Prototypical "molecular 
beacon" biosensors. Journal of the American Chemical Society, 2003. 
125(14): p. 4012-4013. 
24. Long, Y. T.;Li, C. Z.;Sutherland, T. C.;Kraatz, H. B.;Lee, J. S., 
Electrochemical detection of single-nucleotide mismatches: Application of M-
DNA. Analytical Chemistry, 2004. 76(14): p. 4059-4065. 
25. Rai, V.;Nyine, Y. T.;Hapuarachchi, H. C.;Yap, H. M.;Ng, L. C.;Toh, C. S., 
Electrochemically amplified molecular beacon biosensor for ultrasensitive 
DNA sequence-specific detection of Legionella sp. Biosensors and 
Bioelectronics, 2012. 32(1): p. 133-140. 
26. Liu, G.;Wan, Y.;Gau, V.;Zhang, J.;Wang, L.;Song, S.;Fan, C., An Enzyme-
Based E-DNA Sensor for Sequence-Specific Detection of Femtomolar DNA 
Targets. Journal of the American Chemical Society, 2008. 130: p. 6820-6825. 




          CHAPTER 6 
Conclusions 
 
6. 1 Conclusions and future perspective 
Concept of electrochemical signal amplification has been extended to develop an 
ultrasensitive electrochemical amplified molecular beacon biosensor to detect target 
DNA sequence of Legionella sp. Ultrasensitive DNA detection can be achieved 
either amplifying sensing signal, suppressing background noise, utilizing 
nanomaterial based nanoporous structure for attaching probe molecules to develop 
sensing surface.  
We develop an electrochemically amplified molecular beacon biosensor, made from 
surface attached thiolated DNA hairpin probes appended to redox active ferrocene 
species, with electrochemical regeneration by sacrificial Fe(CN)6
4−
 reagent.  This 
EAMB biosensor shows high sensitivity towards PCR amplicons derived from 
genomic sequences of Legionella using asymmetric method and potential broad 
applications in DNA-based biosensors for rapid identification and quantification of 
pathogenic microbes. The biosensor DPV peak current decreases as the concentration 
of label-free complementary target increases. An interesting and analytically useful 
attribute of this biosensor is that its peak potential also shifts with increasing target 
concentration. Shift in voltammetric potential can arise from variation in the 
heterogeneous rate constant of a redox species, owing to changes in the surface 
density of redox active sites.  






= 0.99) for 






 = 0.98) for peak 
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potential response are obtained, respectively. Detection limit is determined from the 
minimum DNA concentration which causes the change in current signal or peak 
potential response equivalent to three times the average background noise in the 
absence of DNA target. Detection limits for a 21-mer DNA sequence of L. 
pneumophila are 2.3 × 10
−14
M (current signal) and 5.9 × 10
−13
M (peak potential) 
respectively, present significant improvement of 5-6 orders over hairpin DNA 
sensors based on colorimetry, optical and fluorescence. These figures of merit 
including a relatively rapid analysis time of 45 min presents a significant 
improvement in DNA detection limits over existing non-pcr methods and is 
comparable to state of art enzyme based amplified E-DNA sensor and impedimetric 
DNA sensor. In addition, the used biosensor can be regenerated up to six times with 
very good reproducible normalized signal response by incubating in a pH 7.0, 0.5 M 
tris buffer for 30 min at 75◦C. Average standard error of 2.6% is obtained for one 
biosensor and for three biosensors, the errors range from 2 to 9%. Further, the 
additional readout derived from peak potential besides current signal can be useful to 
distinguish common current signal measurement errors associated with oxidation or 
reduction of trace impurities which has minimal influence on the peak potential 
values. 
Specific response towards one and three base-pair mismatches are derived from 
EAMB biosensors. During analysis the target is thermostated with biosensor at 55 
◦C, between the theoretical solution Tm of the complementary sequence and 
sequence with one-point mismatch which are 60 ◦C and 42 ◦C respectively, 
calculated using nearest Neighbour thermodynamics based software (biomath Tm 
Calculators). For the sequence with one mismatch in the middle position, Tm is 
significantly lower than the complementary sequence. This has been explained by the 
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formation of kink at the mismatched position which disrupts complementary binding 
of the remaining bases in the same sequence. It is clear that the complementary target 
and sequence with one nucleotide mismatch can be easily differentiated. Three 
nucleotide mismatches at terminal positions 1, 2 and 21 were incorporated in target 
analyte to test the limit of this method for further high specificity detection. 
Mismatch of base-pairs at terminal positions form dangling ends instead of kinks, 
such 3-points mismatch sequence has a much closer Tm (57 ◦C) to the 
complementary sequence, thus making more difficult to distinguish. More 
interestingly, at higher hybridization temperature of 55◦C, the 3 base-pair mismatch 
sequence shows negligible change in biosensor signal response and can be clearly 
differentiated from the complementary target. Previous study on terminal mismatch 
at proximal end of surface tethered DNA sequences indicate enhanced flexibility of 
the DNA-linker region, likely due to fraying of the strands at the terminal mismatch 
position. Such orientation changes may affect the kinetics of hybridization and 
further influence the selectivity against the mismatch sequence. Consequently, 
sequences with one and three mismatches have lower Tm than the hybridization 
temperature 55 ◦C and do not hybridize well with the probe sequence, giving 
significant differences in the normalized DPV peak currents and absolute peak 
potential values.  
EAMB has been also challenged with PCR amplicons for Legionella genomic DNA 
in order to test the applicability of the EAMB biosensor in real environmental water 
sample analysis. As environmental water sample contaminated with Legionella sp is 
used for isolation of bacteria for amplification of genomic sequences. A 157-bp 
region between position 58 and 78 in the genomic DNA is selected as the target (see 
Table 3.1) with complementary to loop sequence in the hairpin DNA-ferrocene probe 
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of the biosensor. Legionella pneumophila is cultured overnight, and its genomic 
DNA sequences are isolated using a bacteria genomic DNA isolation kit (Cat#51306 
QIAamp DNA Mini Kit). PCR amplification is performed in a PCR cycler (Applied 
Bio systems Gene Amp PCR system 2700). A pair of asymmetric primers (10 
Primer1/1 Primer2) is employed in order to generate the ss-DNA target. The 
amplification protocol comprises an initial 5 min heating at 95 ◦C followed by 35 
cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s. The reaction system is 
further incubated for 5 min at 72 ◦C to extend any incomplete products. The PCR 
products are subsequently diluted by 10-fold successively up to four serial dilutions 
for detection by the biosensor and the biosensor signal response is recorded towards 
serially diluted PCR amplicon samples of the isolated target sequence. The biosensor 
can be regenerated after exposure to the series of diluted PCR amplicon samples 
using 75 ◦C, 30 min heating cycle. Since this EAMB system is useful in 
understanding fundamental insights of electrochemical signal amplification and 
extending its application for DNA detection. However application of EAMB for 
DNA detection is fairly limited to scientific domain and more optimization and 
fabrication of sensing surfaces are required to extend this method for clinical 
applicability. Ultrasensitive detection of a label-free 21-mer complementary DNA 
sequence of L. pneumophila at (∼20) fM level can be achieved. The EAMB 
biosensor selectively differentiates between L. pneumophila and two other species 





 M. The equally responsive biosensor peak potential provides 
additionally useful quantitative and selective analytical data about the 







 Nanoscale material can also be used in a variety of electrochemical biosensing 
schemes to improve the sensitivity and specificity of diagnostic tools as well as 
miniaturizing these devices for onsite applications. Thus utilization of nanoscale 
materials has achieved significant research interest in electrochemical sensing 
devices because of the unique physical, chemical properties and electron transport 
properties. The large surface to volume ratio of nanoscale materials offers more 
surface area for immobilization of (bio element) probe molecules and number density 
of probe molecules are important parameter to improve the sensitivity and 
performance of sensing device. Alumina nanoporous membrane structure is 
synthesized by electrochemical anodization method to develop electrochemical 
nanoporous alumina membrane based label free DNA biosensor for detection of 
Legionella sp and complementary DNA (cDNA) of dengue RNA. 
An electrochemical nanoporous alumina membrane-based label free DNA biosensor 
is developed using 5'-aminated DNA probes, immobilized into the nanochannels of 
alumina to detect DNA sequences of Legionella. Alumina nanoporous membrane-
like structure is carved over platinum wire electrode of 76 μm diameter dimension by 
electrochemical anodization. The hybridization of complementary target DNA with 
probe DNA molecules attached inside the nanochannels influences the pore size and 
ionic conductivity. Electrochemical biosensing signal is derived from only redox 
species Fe(CN)6
4- 
across single wire Pt electrode and monitored using cyclic 
voltammetry, differential pulse voltammetry and electrochemical impedance 
spectroscopy. However DPV has been widely used in ultrasensitive detection as 
capacitive current is associated with CV that limits the ultrasensitive selective 
differentiation and in EIS the most challenging problem is modelling of the electrode 
processes, where to some extent the quantitative problems and errors arise. The 
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biosensors sensing mechanism relies on the monitoring of electrode’s faradic current 




which is sensitive towards the 
hybridization of complementary target with probe DNA immobilized into the 
alumina nanochannels. The biosensor demonstrates wide linear range over 7 orders 
of magnitude with ultrasensitive detection limit 3.13 ×10
-13
 M for the quantification 
of ss21 mer DNA sequence and selectively differentiates the complementary 
sequence from target sequences with single base mismatch (MM1) and triple bases 
mismatch (MM3) of different strain of Legionella sp. Its applicability has been also 
challenged against PCR amplicons sample derived from Legionella pneumophila 
genomic DNA using asymmetric PCR method. The construction of nanoporous 
alumina membrane based DNA biosensor is very simple and relatively easier to 
carve nanoporous structure by electrochemical anodization than conventional 
lithography e.g. electron beam or focussed ion beam and sample analysis time is 
around ~ 45 min. Electrochemical biosensing signal is derived only from Fe(CN)6
4-  
across single wire Pt electrode in contrast to label DNA sensor and amplified DNA 
sensor where redox active or label is attached in the probe or target DNA which 
requires additional synthetic and purification steps. Thus detection of DNA 
sequences of Legionella using electrochemical nanoporous alumina membrane-based 
biosensor shows fairly comparable sensitivity with electrochemical amplified 
molecular beacon biosensor. 
Anodized alumina nanoporous material based biosensor is also used to detect the 
complementary DNA (cDNA) of dengue virus (DENV I) to extend this concept 
further ahead in detection and understanding insight fundamental electrochemistry 
about biosensing inside the nanochannels.  Dengue virus (DENV), a single-stranded 
RNA positive-strand mosquito-borne virus is of the genus flavivirus. DENV is 
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highly infectious and widespread in tropical and subtropical region with epidemic 
challenge. There are four antigenically different serotypes of the virus (DENV1-4). 
To mitigate the effect of epidemic spread of dengue infection, its early detection is 
deemed necessary with follow up vector control measures and a responsive medical 
support system. Therefore a nanoporous alumina membrane based ultrasensitive 
DNA biosensor for detection of cDNA of DENV1 RNA is constructed using 5’-
aminated DNA probes immobilized onto the alumina nanochannel walls. 
Probe DNA molecules are covalently attached into the alumina nano channels which 
selectively bind to 31 mer specific DENV1 DNA target sequence. The hybridization 
of complementary target DNA with probe DNA molecules attached inside the pores 
affects ionic conductivity of redox species Fe(CN)6
4-
. Binding of target 
complementary DNA to probe inside nanochannels causes changes in mass transfer 
of redox species Fe(CN)6
4-
 through it due to blocking of the pores. Mass transfer 
changes through alumina nanopores are translated into electrochemical signal using 
differential pulse voltammetric technique (DPV). DPV oxidative peak current of 
Fe(CN)6
4- 
successively drops with increase in target complementary DNA 
concentration. The biosensor demonstrates linear range over 6 orders of magnitude 
with ultrasensitive detection limit of 9.55× 10
-12
 M for the quantification of ss-31 
mer DNA sequence. Its applicability is challenged against cDNA PCR amplicons 
sample of dengue virus serotype1 derived from asymmetric PCR. Excellent 
specificity down to one nucleotide mismatch in target DNA sample of DENV3 is 
also demonstrated. Thus we summarize development of DNA biosensors for 
detection of Legionella sp. and dengue virus based on electrochemical amplification 
strategy and utilizing nanoporous alumina membrane based materials.   However in 
electrochemical analysis, reproducibility is a bit minor issue in signal recording 
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across electrodic interface because of some fouling of sensing surface in case of 
homemade nanoporous alumina electrode and sensing surface defects like non 
uniformity of molecular assembly on the gold electrode. This concept of nanoporous 
anodized alumina membrane based DNA biosensors is being extended to replace 
anodized sputter coated alumina with multichannel alumina membrane of nanosize 
range. This multi nanochannels alumina membrane can be used as template to 
develop DNA biosensors utilizing two chamber electrochemical cell setup to study 
electro osmotic and fluidics of redox species corresponding to selective hybridization 
event. In this method multi nanochannels based alumina membranes are sputter 
coated with platinum to make electrical contacts with extension wires of potentiostat 
and this Pt sputter coated  multi nanochannels alumina membrane are utilized to 
immobilize probe ss DNA inside the nanochannels and results into biosensing 
surface inside the nanochannels of alumina membrane. With subsequent addition of 
complementary target DNA, it binds to probe DNA immobilized inside the 
nanochannels and influences the ionic redox species movement through the 
nanochannels of alumina membrane. Successful hybridization event inside the 
nanochannels of alumina membrane modulates the ionic current associated with 
redox species and supporting electrolyte. Thus monitoring of ionic current passing 
through alumina nanochannels can be used as electrochemical parameter to detect 
and validate selective DNA hybridization event inside the multi nanochannels of 
alumina membrane. 
Future perspective include coupling of amplification strategy with nanoscale based 
materials to improvise sensitivity many folds and extending this sensing signal off 
strategy  detection to signal on where successful target binding with probe may lead 
to increase in electrochemical signal with increase in target concentration. More 
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optimization and trials with actual human serum sample and environmental samples 
are necessary to extend electrochemical sensing concept from scientific domain to 
clinical domain. 
  6.2 Comparative performances table: Comparison of the limit of detection (LOD) 
of various recent biosensors system for detection of target DNA and SNP 
differentiation. 
 
Detection Methods  Transducer/ 














10-14M good turn-off [1] 
 
Enzyme-based 
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